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ABSTRACT
The design of powerful and compact electric machines in highly dynamic applications such
as electric traction and integrated starter/generators is an extremely di cult engineering
challenge. Use of conventional machine designs with components designed for fixed voltage
and frequency operation, unfortunately, do not make things any easier. By embracing recent
advancements in the cost, performance, and reliability of power electronics and utilizing ma-
chine designs that are able to fully utilize the flexibility available from power electronics-based
sources, interesting and potentially superior machine design solutions become available. This
dissertation examines the feasibility and advantages of one such solution: electronic pole-
changing by means of pole-phase modulation.
The implementation and operation of pole-phase modulation is introduced using a 36-slot
stator lamination example. The e↵ect of stator lamination, winding, and inverter design
decisions on available operating modes are presented. High-level performance advantages
are investigated using a 6-pole machine wound with 2-pole coils. Estimates of this 2-pole/6-
pole electronic pole-changing case study include the development of a nearly 9:1 constant
power speed ratio; 3⇥ better than conventional fixed pole and phase count designs.
Analytical models are developed to predict the steady state and dynamic performance
of high inverter count machines and electronic pole changing. The generalized models are
capable of describing induction machines with an arbitrary number of electrical inputs and
available pole count operations. Both models are validated using two-dimensional finite
element analysis, and allow the e↵ects of numerous electrical and mechanical design de-
cisions on overall system performance to be easily examined. The additional degrees of
freedom in multiphase reference frame transformations are utilized to formulate decoupled
electromechanical energy conversion subspaces, and enable conventional control technique to
ii
be applied to high phase count induction machines with electronic pole changing. Scalar and
vector control techniques are used to study controlled transition between two di↵erent pole
counts, and illustrate the improved performance o↵ered by the more advanced field-oriented
control methods.
A 36-coil toroidally-wound induction machine testbed is designed, built, and tested. Ex-
perimental tests are carried out to examine 2-pole/6-pole electronic pole changing operation
with nine electrical inputs. Preliminary results exhibit performance relationships correspond-
ing to previous steady state analytical model estimates, and verify pole-phase modulation
operation. Discrepancies in equivalent circuit parameters are attributed to analytical model
assumptions and nonidealities of the constructed machine.
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To Grandma Marie, for teaching me to be curious about everything and compassionate to
all.
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CHAPTER 1
INTRODUCTION
An inverter is a power electronics-based device that controls the flow of energy from a direct
current (dc) source to an alternating current (ac) load. The ability of this energy conversion
device to output a more or less arbitrary voltage or current waveform has had a substantial
impact on how electrical machines are operated, and the applications where they are used.
The inverter, and its ability to vary both magnitude and phase of output waveforms, has
forever changed the fields of ac motor design and control.
Before the advent of power electronics, machines were fed from the line by fixed voltage
and frequency sources. Electrical machines were, and still are, often used in industrial
applications such as pump and fan drives where flow rates, power, torque, and e ciency all
vary with speed. A principal shortcoming of the induction machine, however, is its inability
to e ciently operate at speeds far from synchronism. To expand the operating speed and
performance of line-fed induction machines, asynchronous machine designers of the past used
a range of design tricks and operating strategies. Examples include, but are not limited to:
double squirrel cage rotors, split-winding starting, physical winding reconfiguration, multiple
sets of stator windings, and pole changing using mechanical contactors [1].
For a given input voltage and frequency, the operating speed of an induction machine is
determined by the intersection of load torque with the machine’s torque vs. speed profile.
The largest factor in the determination of a machine’s torque profile is arguably the magnetic
pole count. Regardless of excitation, when the number of balanced electrical excitations is
equal to the number of electrical machine inputs, the number of magnetic poles is strictly
determined by the configuration of stator windings. For this reason, conventional winding
structures of polyphase machines were, first and foremost, designed to set machine operating
speed under utility excitation through the choice of winding pole count. Consideration of
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Figure 1.1: Stator winding of a 2-pole, 5 hp inverter-duty induction motor.
secondary e↵ects, such as the impact of space harmonics on unwanted asynchronous torques,
led to the adoption of double-layer winding structures to enable short-pitching [1, 2].
As power electronic sources replaced line feeds in drive applications, refinements in the
design of induction machine stator and rotor slot shapes have been primarily considered for
increased performance with a highly configurable source [3–5]. The inverter is connected to
the electric machine through the leads of the stator winding, the design of which, however,
has remained nearly unchanged from the traditional three-phase line-fed systems of the past.
Figure 1.1 shows the stator winding of a 2-pole, 3-phase, 5 hp induction motor designed
for inverter-duty applications. The conventional overlapping winding arrangement shown
is identical in both line- and inverter-fed machines. Individual coils are wound according
to a predetermined pole count and for a particular phase count, multiple adjacent coils
are connected in series to form a phase belt. Much work has gone into the design and
construction of these traditional winding structures [1,6,7]. As a result, these configurations
e ciently develop balanced magnetic circuits of varying pole count and low harmonic content
from a balanced 3-phase electrical input.
Traditional stator windings are designed for sinusoidal excitation from a balanced (and
fixed) multiphase source. Simply replacing line-feeds with an inverter allows for improved
steady-state and dynamic machine performance [8]. The winding arrangements found in
conventional machines, however, constrain overall system flexibility by forcing inverters to
simply replace traditional balanced electrical sources. To illustrate this, consider the 24-
slot stator lamination in Fig. 1.2 that is wound for 3-phase operation. Full-pitch, 4-pole,
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Figure 1.2: Phase A coil arrangement for 24 slot stator lamination wound with a
conventional 3-phase, 4-pole, double-layer winding with full-pitch overlapping coils.
overlapping coils associated with one of the three machine phases are shown. In order to
excite all of the displayed coils with one electrical input, the eight coils must be tied together
in a balanced configuration. A potential coil connection arrangement is presented on the
right side of Fig. 1.2. The interconnection of coils to form a phase winding forces the current
in each coil (is,c) to be identical, which can in turn be expressed in terms of the stator line
current (is) through an algebraic relationship.
Even though the coils associated with a single phase are spatially separated from one
another, equal coil currents cause an inherent electric and magnetic symmetry to result.
Therefore, once the stator coils are interconnected–traditionally done during construction–
individual control of each slot excitation is unavailable. In such winding arrangements,
spatial control of slot currents is determined through the physical build (coil interconnection),
while temporal control is available through phase excitation (inverter output).
In an e↵ort to design an electric machine that fully leverages the flexibility available from
a power electronics-based source, this work re-evaluates the often overlooked stator winding
structure. By doing this, flexible winding arrangements that allow for improved spatial
control of machine slot excitations are examined. Operational benefits of improved inverter
utilization are introduced in Section 1.1. Improved reliability, torque density, bearingless
motor operation, and electronic pole changing are introduced and described as potential
performance benefits of a machine re-design. The topic of electronic pole changing, or the
ability to continuously vary the magnetic pole count of a machine using the inverter alone,
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is the primary focus of this thesis.
1.1 Benefits of Improved Control of Machine Slot Excitations
Electromechanical energy conversion occurs in electric machines by way of magnetic field
interaction. Inverter-controlled stator currents give rise to air-gap magnetic field distribu-
tions used to develop mechanical forces. As a result, the control of these spatiotemporal
field distributions is critical for proper machine operation.
The magnetic flux density distribution for a 36-slot machine wound with traditional 3-
phase/6pole overlapping windings is shown in Fig. 1.3a. A corresponding plot of magnetic
flux density at a radius corresponding to the center of the stator teeth is provided in Fig. 1.3b.
The stator tooth magnetic flux density profile indicates the existence of a spatial discretiza-
tion about one stator slot pitch. The magnetic field distribution can therefore be decon-
structed into Qs di↵erent amplitudes, where Qs is the number of stator teeth. Although
there are 36 distinct flux density locations in Fig. 1.3b, since only three electrical inputs are
used to control current excitations in the 36 stator slots, individual control of each stator
tooth flux density is not possible. Instead, the magnetic field distribution is anti-periodic
over a period of 120 , with 3 independently controlled segments per period. In order to
increase control of a machine’s field distribution, the number of electrical inputs over the
entire stator periphery must be increased.
Consider the extreme case where a machine with Qs stator slots is fed with Qs separate
electrical inputs and the coil in each slot is independently excited. Assuming the magnetic
field in the air-gap exists solely in the radial direction and is constant between the location
of stator coils, Fig. 1.4 provides a representation of the available magnetic flux density
distribution. All Qs independently controlled electrical inputs can be used to separately
control each of the Qs distinct flux density levels along the circumference of the machine’s
air-gap. The spatial field distribution therefore exhibits a maximum e↵ective resolution of
2⇡/Qs mechanical radians.
An increased number of electrical machine inputs can be accomplished by either decou-
pling pole-pairs or increasing winding phase count. Decoupling of pole-pairs allows each
4
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Figure 1.3: (a) Magnetic flux density distribution and (b) normal component of stator
tooth flux density under 3-phase, 6-pole excitation
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Figure 1.4: (a) Representative machine with Qs stator slots and Qs independent slot
excitations and (b) resulting air-gap magnetic flux density distribution.
pole-pair of a balanced m-phase/p-pole winding to be controlled independently. Although
this excitation arrangement has not seen as much attention as multiphase machines, it has
shown promise in the implementation of high-voltage multilevel converter design [9] and
electronic pole changing [10]. A large body of work has been dedicated to high phase-
count machines (m   5) [11,12]. In addition to decreased component ratings and improved
drive reliability [13–15], high phase-count machines can potentially provide improved ma-
chine torque density, control over radial and tangential forces, and electronic pole changing.
The following sections outline these three performance capabilities gained through increased
5
control of the machine’s air-gap field.
1.1.1 Improved Torque Density
As the number of machine phases becomes large, it becomes increasingly more di cult to
create smooth sinusoidal air-gap magnetomotive force (MMF) waveform using a balanced
source because of the existence of a limited number of stator slots. A concentrated winding
machine (with one slot per pole per phase), however, has been shown to provide increased
torque density through the interaction of high-order space and time harmonics [16,17]. Past
work has shown that odd non-triplen phase counts (5, 7, 11, . . . ) can utilize current injection
of all odd harmonics below the phase number to increase machine performance (e.g. 1st and
3rd harmonics for 5-phase machines and 1st, 3rd, and 5th for 7-phase machines). As opposed to
traditional induction machine operation with sinusoidal air-gap flux distributions, injection
of higher-order current harmonics gives rise to quasi square wave air-gap flux distributions.
This can result in nearly uniform magnetic loading across all stator teeth, allowing for
increased utilization of the machine’s magnetic material.
Figure 1.5 shows an optimized air-gap magnetomotive force (MMF) for an 11-phase ma-
chine. The shapes of MMF waveforms are drastically di↵erent between operation using only
the fundamental current harmonic (Fig. 1.5a) and operation using all available stator current
harmonics (Fig. 1.5b). The flux per pole was found to increase by 30.6% when all available
currents harmonics are used in 11-phase machines, increasing torque production for a given
stator loading. This method has been associated with claims of torque density improvements
of up to 20% in 15-phase machines [12].
1.1.2 Bearingless Motor
The Maxwell stress tensor method may be used to calculate mechanical forces from air-gap
fields. Using this method, torque may be represented as
T =
Z
S
µ0HnHt dA, (1.1)
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(a) (b)
Figure 1.5: Air-gap MMF over one pole pitch for an 11-phase machine with current
injection of the (a) 1st and (b) 1st, 3rd, 5th, 7th, and 9th time-harmonics [18].
while the radial force per unit area, or magnetic pressure, is
pr =
1
2µ0
⇣
~B2   B2t
⌘
. (1.2)
Here, the subscripts ‘n’ and ‘t’ denote the normal and tangential directions and A in (1.1) is
an arbitrary air-gap integration surface [19]. Inspection of (1.1) and (1.2) suggests that when
increased spatial resolution of air-gap fields exists, the ability to manipulate both tangential
and radial forces within the machine can be improved.
Conventional rotating machines develop traveling air-gap fields with the goal of providing
time-averaged torque production. Bearings are used to keep the rotor concentrically aligned
with the stator, and as a result, radial forces are undesired and consequently minimized.
Connection of all magnetic pole pairs to the same electrical source removes the ability to
o↵er localized production of radial forces in conventional machines. If suitable resolution of
air-gap fields was available, motor windings could, in addition to the development of time-
averaged torque, provide partial or full bearing support through the intentional introduction
of radial forces. This would cause the machine’s main winding to function as an active
magnetic bearing (AMB) [20].
Active magnetic bearings are most often found in high-speed applications such as turbo-
generators or pumps, and provide the advantage of no mechanical losses or wear without the
need for lubrication [21, 22]. Figure 1.6a provides a sample geometry and winding arrange-
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(a) (b)
Figure 1.6: (a) Geometry and winding arrangement of an 8-pole radial bearing and (b)
schematic for the suspension of a rotor using magnetic bearings [21].
ment of an 8-pole radial magnetic bearing used in an AMB assembly, and shares similarities
in construction and operation with stator windings of ac motors. In general, the radial
magnetic bearing is comprised of a multitude of electromagnets surrounding the rotor. The
poles are excited in order to set up air-gap magnetic field distributions that result in desired
radial forces. Application of AMBs to a rotating machine is most commonly done using a
combination of radial and axial bearings in an arrangement similar to Fig. 1.6b. Due to the
existence of multiple magnetic stacks (motor magnetics and bearing magnetics), the rotor
length can become long, causing unfavorable rotor dynamics during high-speed operation.
Integration of full or partial bearing support into the motor windings (termed bearingless
motors or self-bearing motors) can reduce system size and becomes possible when the stator
winding has a large number of electronically-controlled inputs [23].
1.1.3 Electronic Pole Changing
The majority of literature devoted to high inverter count induction machines deals with the
manipulation or optimization of air-gap fields whose pole count is equal to that of the stator
windings [18, 24]. A clear, and often overlooked, operational capability gained through the
introduction of increased number of stator excitations is the ability to develop a variable
number of magnetic poles. Given su cient resolution of stator slot excitations, the number
of magnetic poles can be controlled nearly arbitrarily. An example is provided in Fig. 1.7,
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(a) (b)
Figure 1.7: Flux density distribution for (a) 2-pole/9-phase and (b) 6-pole/3-phase
operation.
where an inverter with nine inverter legs is used to operate a 36-slot stator in 2-pole/9-phase
and 6-pole/3-phase configurations through manipulation of excitation waveforms.
The magnetic pole count has a significant impact on the torque capability of an induction
machine, and is most clearly seen through the steady-state torque vs. speed profile. Figure 1.8
provides torque profiles for 2-, 6-, and 18-pole 3-phase induction machines. The equivalent
circuit parameters of each machine are identical; the only parameter changed is the magnetic
pole count. This assumption allows the physical dimensions of each machine to di↵er, yet
the peak power available for a given supply voltage is the same. Torque vs. speed profiles
for each machine are provided in Fig. 1.8a, while Fig. 1.8b displays the locus of breakdown
torque values for all machines. The three designs illustrate a clear trade-o↵ between torque
and speed, suggesting high pole count operation be used at low speeds while low pole counts
be used at high speeds. This aligns with previous work showing that, in general, high pole
count designs provide higher e ciency at low speeds while low pole counts provide higher
e ciency at high speeds [25].
Although the curves in Fig. 1.8 correspond to three di↵erent machines, past work has
shown that with additional inverter inputs, a machine’s magnetic pole count can be ma-
nipulated entirely through the control of inverter output waveforms. Detailed analysis and
performance benefits of electronic pole changing of select machine design have been pre-
sented [10, 26, 27]. A rigorous study of electronic pole-changing capability, and how perfor-
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Figure 1.8: (a) Steady state torque/speed relationships and (b) peak torque entitlements
for 2-, 6-, and 18-pole 3-phase induction machines.
mance is a↵ected by various electric, magnetic, and winding design decisions, however, has
not been undertaken. In light of this observed void in the literature, this thesis presents a
generalized analytical framework for the analysis of electronic pole changing in high inverter
count induction machines.
1.2 Organization
This dissertation is structured as follows:
Chapter 2 investigates fundamental constraints the stator winding structure places on the
formation of arbitrary air-gap magnetic fields. The caged induction machine topology
is of primary consideration. The concept and benefits of a toroidal stator winding are
introduced, and shown to be an ideal candidate for the construction of a “flexible”
machine testbed.
Chapter 3 surveys past methods of pole-changing induction machines. Techniques are
arranged by implementation: physical winding reconfiguration or electronic winding
reconfiguration. The concept of pole-phase modulation, which is a particular method
of electronic pole changing, is introduced and shown to provide the most unrestricted
operational freedom when given a large number of inverter legs.
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Chapter 4 describes the implementation and operation of pole-phase modulation. A 36-
slot stator lamination wound with 2-pole coils is used to illustrate available operating
modes for a number of inverter leg counts. A high-level investigation into the e↵ects of
electronic pole changing on induction machine performance is presented. In addition
to potential variation in equivalent circuit parameters, comparison of magnetic loading
and core loss among di↵erent electronically-controlled pole counts is presented. Finally,
to motivate the consideration of pole-phase modulation, a case study is considered.
Performance of a 2-pole/6-pole machine is considered in an application desiring a wide
constant power speed ratio.
Chapter 5 presents a steady-state, per-phase equivalent circuit model for electronic pole-
changing induction machines. Closed-form expressions for all circuit parameters are
determined using lamination, winding, and inverter control variables. The generic
model is able to consider the e↵ects of numerous electrical and mechanical design
decisions on overall system performance. Model estimates are validated using finite
element analysis, and are seen to indicate variation in magnetizing and referred rotor
parameters between di↵erent pole count operations. This detail had not yet been
explored in the literature. Finally, the model’s ability to develop multiple torque
vs. speed profiles for a single machine and inverter is used to develop the concept of
“switch points,” or locations where pole count transitions are carried out in variable
speed applications.
Chapter 6 develops a dynamic induction machine model that is capable of describing ma-
chines with an arbitrary number of electrical inputs and available pole count opera-
tions. Model performance is validated using two-dimensional transient finite element
analysis. Additional degrees of freedom available in multiphase reference frame trans-
formations are used to refer the multiphase machine into arbitrary reference frame
variables. Transformed machine variables are shown to exhibit decoupling between all
pole count operating modes. This system decoupling is used to study machine dy-
namics during a pole count transition when controlled using both scalar and vector
techniques.
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Chapter 7 describes the laboratory testbed constructed to experimentally study electronic
pole changing. An o↵-the-shelf induction machine was rewound with 36 toroidal stator
coils, allowing for a large number of pole-phase combinations to be examined. A 9-
phase inverter was designed and constructed to study the development of 2-pole and
6-pole operations using a single machine and winding structure. Steady state results are
shown to exhibit performance profiles that align with analytical estimates, successfully
verifying pole-phase modulation operation in the experimental testbed.
Chapter 8 presents a summary of this study into electronic pole changing and provides
comments for future research extensions.
12
CHAPTER 2
STATOR WINDING CONSTRAINTS ON AIR-GAP
FIELD FORMATION
2.1 Introduction
This chapter explores electric machine stator configurations, and looks to establish designs
that allow for operation that is as versatile as the inverter used for excitation. The stator
winding analysis concepts used herein are general in nature and may be applied to any ra-
dial air-gap machine. All detailed analysis and considerations, however, concentrate on the
caged induction machine. This choice is made because of the method by which voltages
are impressed onto the rotor (through magnetic induction), making the rotor highly recon-
figurable, both electrically and magnetically. In this sense, the caged induction machine is
an ideal candidate for an investigation into flexible machine operation, and is the primary
machine arrangement examined in this work.
Mechanical pole changing is accomplished by altering machine connections using physical
switches. In contrast, electronic pole changing is made possible through an increased number
of electrical machine inputs, and is achieved by manipulating the electrical phase of inverter
output waveforms. An increased number of independently-controlled inverter outputs can
provide improved operational flexibility through increased control of the machine’s air-gap
magnetic field distribution. Optimal machine performance in terms of magnetic loading,
magnetic circuit utilization, harmonic content, and magnetic pole-count reduces to the ma-
nipulation of the air-gap magnetic field distribution. To better understand electronic pole
changing and how its capabilities are a↵ected by winding design, it is beneficial to examine
various levels of machine excitation parallelization.
In a machine with Qs stator slots and a non-salient rotor structure, the stator-developed
air-gap magnetic field exhibits a spatial resolution of 2⇡/Qs mechanical radians. To allow for
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decoupled control of each of the Qs segments in the air-gap field, Qs independently controlled
machine inputs (ml) are required. Three potential non-overlapping stator winding designs
that allow for ml = Qs operation are presented in Section 2.2. A double-layer concentrated
winding (DLCW), toroidal winding, and a single-turn winding are considered. Interconnec-
tion of multiple stator coils allows a smaller number of electrical inputs to generate balanced
rotating fields. The ability of each winding configuration to develop an arbitrary air-gap field
distribution is demonstrated by matching the field developed by a stators with conventional
3-phase winding designs. Operational flexibility constraints of ml < Qs operation on the
development of arbitrary air-gap fields are presented in Section 2.3. Concluding remarks are
provided in Section 2.4.
2.2 ml = Qs
The stator and rotor structure of the caged induction machine reduces the problem of mag-
netic field determination to the control of stator slot excitations, or the instantaneous quan-
tity of ampere-turns within each stator slot. Utmost control over the air-gap field distribution
exists in the extreme case where a machine with Qs stator slots is fed with QS independent
electrical inputs. Possible realizations using non-overlapping coils are provided in Fig. 2.1,
and include an independently controlled DLCW, a toroidal winding, and single-turn coils.1
All configurations in Fig. 2.1 provide magnetic field control with an e↵ective spatial resolu-
tion of 2⇡/Qs mechanical radians; di↵erent excitations and control, however, are required
for each arrangement.
2.2.1 Air-gap Field Matching
To obtain a desired stator-generated air-gap MMF distribution, Fs( sm), the excitation
required in each of the ml stator coils shown in Fig. 2.1 can be determined by solving the
1The return path for all single-turn coils, or bars, is assumed to be a shared neutral connection denoted
by
P
i.
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(a) (b) (c)
Figure 2.1: Illustrative 12-slot stator with 12 independently controlled inputs for (a)
DLCW, (b) toroidal winding, and (c) single-turn winding.
linear problem:
Ax = b. (2.1)
Here, x is an ml-dimensional vector of the total ampere-turns of each independently con-
trolled stator coil:
x =
26666664
N1i1(t)
N2i2(t)
...
Nmliml(t)
37777775 , (2.2)
and Nj and ij(t) are the number of total turns and current of the jth stator coil, respec-
tively. If it is assumed that a winding topology able to generate the desired air-gap MMF
is known, this “baseline” winding structure can be used to formulate b, a Qs-dimensional
vector comprised of the total desired ampere-turns in each stator slot:
b =
26666664
F1
F2
...
FQs
37777775 . (2.3)
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The coil connection matrix, A, is a Qs ⇥ml matrix that designates which slot excitations
are controlled by each electrical input. The elements of A are determined such that:
aj,k =
8>>>>><>>>>>:
0 coil k does not exist in slot j,
1 coil k exists in slot j with + polarity,
 1 coil k exists in slot j with   polarity.
(2.4)
Using (2.4), the coil connection matrix for the DLCW is
A =
26666666664
1 0 0  1
 1 1 0 · · · 0
0  1 1 0
...
. . .
0 0 . . .  1 1
37777777775
, (2.5)
while
A =
26666666664
1 0 0 0
0 1 0 · · · 0
0 0 1 0
...
. . .
0 0 . . . 0 1
37777777775
= I (2.6)
exists for the toroid and single-turn coils. The identity matrix is denoted by I.
If an air-gap field distribution associated with a particular balanced excitation is desired,
and the total ampere-turns in each stator slot is known (b), (2.1) can be used to solve for the
coil excitations (x) required for a winding described byA to provide an identical air-gap field.
Using this formulation, electronic pole changing for all winding configurations in Fig. 2.1
can be understood as the determination of ampere-turns in each coil such that the total
ampere-turns in each slot equals the number that generates the desired field distribution. To
illustrate this concept, and examine the di↵erence between the three aforementioned winding
topologies, consider the conventional double-layer winding shown in Fig. 2.2a. Here, a 24-
16
(a)
(b)
Figure 2.2: Phase-A (a) coil arrangement and (b) winding layout for a 24-slot stator
lamination wound for 4-poles with a 3-phase, double-layer, lap winding with 5/6 short
pitching.
slot stator lamination is wound for 4-pole with a 3-phase, double-layer, lap winding with 5/6
short pitching. Coil end placement, along with phase-A coil connections, are provided in
Fig. 2.2b. The air-gap MMF associated with this 3-phase winding is shown in Fig. 2.3.2 The
air-gap MMF due to each of the Qs distributed, overlapping coils at time t = 0 is provided
in Fig. 2.3a while the total air-gap MMF is shown in Fig. 2.3b, which exhibits a fundamental
total harmonic distortion (THD) of 13.4%.
In order to operate the windings shown in Fig 2.1 to develop the same air-gap MMF as
Fig 2.3b, the jth element of b takes the form
Fj =
X
k2Sj
Nkik(t), (2.7)
where the domain Sj denotes all winding elements (coil ends) that lie in slot j in Fig. 2.2.
Assuming the jth coil is placed in the jth stator slot, (2.6) causes the ampere-turns of the
jth toroidal and single-turn coil to simply equal (2.7). Since the slot MMFs of the toroidal
2Air-gap MMF plots are obtained assuming infinitely permeable stator and rotor laminations and ignoring
the e↵ects of slotting [6]. All field summations are carried out to 31 terms.
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Figure 2.3: (a) Air-gap MMF due to each coil and (b) total air-gap MMF corresponding to
the winding shown in Fig. 2.2.
and single-turn windings are identical to the baseline 3-phase, 4-pole winding, the resulting
air-gap MMF and electrical slot loading are also identical. Figure 2.4 shows the di↵erence in
current waveforms, over one electrical period, required to develop the total air-gap MMF of
Fig. 2.4 for conventional and toroidal windings. Waveforms are obtained for the condition
when the number of turns in the toroidal coil equals the total number of turns per slot of
the conventional winding. As can be seen in Fig. 2.4b, twelve unique current waveforms
(comprising six sets of complementary waveforms) exist for the toroidal winding, and can
be understood as a direct manifestation of the summation of currents in slots 1 through 6 in
Fig. 2.2. Since coil-pitch is controlled electronically through inverter excitation, the windings
shown in Figs. 2.1b and 2.1c can develop air-gap field distributions identical to those of any
conventional winding–and do so with identical electrical loading characteristics.
The coil configuration matrix of DLCW shown in (2.5) is singular. Matrix singularity
causes there to be an infinite number of coil excitation combinations that could set up the
desired 4-pole distribution shown in Fig. 2.3b. One possible solution to this overdetermined
problem is to remove one coil per pole-pair. Following a procedure similar to that carried
out for toroidal coils, resulting air-gap MMF distributions produced by a 22-coil DFCW
arrangement are provided in Fig. 2.5. The number of conductors per slot was kept equal to
the baseline machine. As can be seen in Fig. 2.5b, the desired MMF distribution, with a
THD of 13.4%, is obtained. This is achieved, however, at the expense of increased electrical
loading. Coil current profiles provided in Fig. 2.6 reveal that the total ampere-turns per
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Figure 2.4: Input currents for (a) the 3-phase distributed winding in Fig. 2.2 and (a) 24
independently-controlled toroidal coils to obtain the air-gap MMF distribution shown in
Fig. 2.3b.
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Figure 2.5: (a) Air-gap MMF due to each coil and (b) total air-gap MMF for DLCW coils
excited to match slot excitations in Fig. 2.2.
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Figure 2.6: DLCW coil currents required to obtain MMF distributions provided in Fig. 2.5.
slot increases by as much as 416% over the baseline winding. This excessively high current
loading is a direct result of the non-overlapping nature of the end-windings, and the small
coupling that exists between coils.
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To avoid unreasonable stator current loading while still developing the desired traveling
field, a constrained solution to (2.1) that limits coil currents can be attained for DLCW
coils. This solution can be obtained through a nonlinear constrained optimization problem
that minimizes the square of the residual:
minimize
x
||b Ax||2
subject to e Dx   0.
(2.8)
The electrical current loading constraint for slot j (ej) is scalar since coil current polarity is
irrelevant, thus dj,k = |aj,k| and e is defined according to:
ej =
X
k2Sj
|Nkik(t)|. (2.9)
Resulting air-gap field characteristics obtained using (2.8) are provided in Fig. 2.7 for t = 0.
Unlike the unconstrained solution in Fig. 2.5, all 24 concentrated winding coils are utilized.
A comparison between the developed air-gap MMF distributions using unconstrained (black)
and constrained (dashed gray) DLCW coils is provided in Fig. 2.7b. The fundamental air-
gap MMF component falls by a factor of three compared to the desired 3-phase/4-pole
distribution when electrical loading constraints are applied. This MMF reduction is because
of the reduction in coil pitch from 3 slots to 1 slot. As a result of the imposed current limit,
THD increases to 23.6% from the desired 13.4%.
Electronic pole changing for the windings in Fig. 2.1 becomes a straightforward process
since pole-pitch is software-defined (determined through inverter excitation and not coil
placement). Coil excitations can be determined to satisfy a desired ampere-turns distri-
bution in the stator slots. Due to the short coil pitch of DLCW coils, however, increased
current loading is required to match field magnitudes attained using traditional winding de-
signs. The operational flexibility of the induction machine is limited when DLCWs are used.
Therefore, toroidal windings (which can be seen as a generalized formulation of single-turn
coils) provide the most control over a machine’s air-gap field when excited by a large number
of independently-controlled inverter inputs.
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Figure 2.7: (a) Air-gap MMF due to each DLCW coil under electrical loading constraints
and (b) total air-gap MMF distribution for unconstrained (black) and constrained (dashed
gray) current loading in DLCW coils.
(a) (b) (c)
Figure 2.8: (a) DLCW, (b) toroidal, and (c) single-turn coils excited using ml = Qs/p and
p = 2.
2.3 ml < Qs
When a minimum number of magnetic poles (p) is required, a hardware-defined coil pitch can
reduce the maximum required number of independent electrical machine to Qs/p. For the
windings in Fig. 2.1 with p = 2, excitations similar to Fig. 2.8 are obtained, and ml = Qs/2.
In addition to the non-overlapping winding examples provided in Fig. 2.8, conventional
single-layer overlapping coils—where both coil ends are placed in stator slots—also inherently
enforce max [ml] = Qs/2.
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(a)
(b)
Figure 2.9: Winding layout for 3-phase, 18-slot stator wound for (a) 2-poles with a
double-layer lap winding and 8/9 short pitching, and (b) 6-poles with a single-layer
full-pitch lap winding. Phase-A coils are shown in red.
2.3.1 Air-gap Field Matching
Due to the existence of hardware-defined coil pitches in systems with ml < Qs, the number
of available magnetic pole-counts that can be developed is significantly reduced. The two
coil ends (“go” and “return” coil sides) are now fixed, allowing only the amplitude of the
resulting coil MMF to be controlled by the inverter. For the 2-pole coil connections shown
in Fig. 2.8, this means that only field distributions associated with odd multiples of the coil
pole-count can be developed. Although the interconnection of coils constrains overall control
of the machine’s air-gap field, electronic pole changing can still be carried out with a reduced
number of inverter inputs.
To illustrate this concept, consider a 3-phase, 18-slot induction machine wound for two
di↵erent pole-counts: 2-pole and 6-pole. Figure 2.9 shows phase locations (and phase-A
coils) for a double-layer 2-pole lap winding with 8/9 short pitching, and a single-layer 6-
pole full-pitch winding. Coil and total air-gap MMF distributions associated with these two
baseline winding layouts are provided in Figs. 2.10 and 2.11 for 2-pole and 6-pole operation,
respectively. 2-pole and 6-pole operations exhibit THD values 8.6% and 29.4%, respectively.3
Electronic pole changing capability using toroidal coils with ml < Qs can be demonstrated
by determining the coil excitations required to match the air-gap MMF distributions of
3A reduction in phase belt length causes the fundamental MMF component in 6-pole operation to be
roughly 35% of that in 2-pole operation for the same level of electrical loading.
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Figure 2.10: (a) Air-gap MMF due to each coil and (b) total air-gap MMF corresponding
to the winding shown in Fig. 2.9a.
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Figure 2.11: (a) Air-gap MMF due to each coil and (b) total air-gap MMF corresponding
to the winding shown in Fig. 2.9b.
Figs. 2.10b and 2.11b.
Since the location and polarity of the two series-connected toroidal coils used to form a full-
pitch coil are identical to those of a single conventional coil, the following description applies
equally to both. The ampere-turns of stator slots in one half of the machine are independently
controlled (the other half are complementary and dependent due to coil interconnection),
thus air-gap MMF distributions identical to Figs. 2.10b and 2.11b are developed. Toroidal
coil currents required to match the total air-gap MMF distribution, however, di↵ers from
that existing within conventional 3-phase windings.
Figure 2.12 provides the air-gap MMF and current for each 2-pole toroidal coil when
excited in such a way to match the 2-pole air-gap field produced by the winding shown in
Fig. 2.9a. Due to the arrangement of phase coils in the baseline design, nine distinct coil
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Figure 2.12: (a) Individual coil air-gap MMF and (b) coil current for 2-pole toroidal coils
excited to match the MMF in Fig. 2.10b.
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Figure 2.13: (a) Individual coil air-gap MMF and (b) coil current for 2-pole toroidal coils
excited to match the MMF in Fig. 2.11b.
MMFs with six di↵erent excitation currents result. Air-gap MMF and current for each 2-pole
toroidal coil when excited to produce 6-pole field distributions are displayed in Fig. 2.13. In
order to develop 6-pole flux, the nine toroidal coils are excited by three sets of complementary
three-phase currents, as seen in Fig. 2.13b. Electrical current loading is again equal to the
baseline winding in each of these pole count operations.
2.4 Conclusion
Electronic pole changing can be accomplished through detailed control of a machine’s air-gap
magnetic field distribution. If a dedicated inverter is used to control the ampere-turns in
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each of the Qs stator slots, utmost control is provided. The toroidal stator coil, where one
coil end is placed in the stator slot and the other around the outside of the stator back, was
shown to e ciently provide the greatest air-gap field control. Unlike a DLCW, a toroidal
winding arrangement can generate an arbitrary air-gap field distribution without requiring
increased electrical loading. Due to its ability to o↵er a truly flexible machine operation,
an experimental induction machine testbed with toroidal stator coils has been developed.
Details are provided in Chapter 7.
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CHAPTER 3
PAST WORK ON POLE-CHANGING INDUCTION
MACHINES
3.1 Introduction
Although multi-pole or multi-speed induction machines have existed for decades, the im-
plementation and motivation behind their use has varied. Early designs utilized either
multiple winding sets or one single unconventional winding set. Reconfigurations were ob-
tained through mechanical means, and carried out to obtain e cient low-slip operation at
multiple speeds [28]. Typical applications included loads with quadratic torque vs. speed
profiles such as fans and pumps, where winding changes could be used to control fluid
flow. As power electronics-based drives became more prevalent, recent pole-changing e↵orts
have focused on the extension of the speed range and constant power capability of induction
machines. Wide speed range operating characteristics are conventionally associated with ap-
plications such as spindle drives [29, 30], electric vehicle traction [10, 31, 32], and integrated
starter/generators [33].
Pole changing operations were first accomplished using mechanical contractors, but were
replaced with semiconductor switches when appropriate ratings became available. As semi-
conductor technology improved, switches were no longer simply used as a reliable replace-
ment for the mechanical contractor, but were instead used to vary the phase of the impressed
voltage waveforms to introduce pole variation. The ability to rapidly adjust the magnetic
pole count without completely de-energizing the armature coils has allowed for recent inves-
tigations into online electronic pole changing [10, 34].
There are two primary techniques for magnetic pole count adjustment. The first, and
more conventional, approach involves physical reconfiguration of a specially designed stator
winding. The second, and most recently introduced, method requires a stator winding with
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an increased number of electrical inputs. The number of magnetic poles is electronically
controlled through manipulation of the inverter output waveforms alone, and may be used
to vary pole count for either fixed for variable phase operations.
3.2 Physical Winding Reconfiguration
The majority of existing pole-changing techniques involve physical reconfiguration of arma-
ture windings through the use of mechanical or semiconductor-based switches. The simplest
design involves a machine wound with two di↵erent sets of windings, each generating flux
with a di↵erent pole count. One winding is used for low speed operation while the other is
used for high-speed operation. Poor winding utilization is a typical downside of this imple-
mentation, and results in severely oversized machine designs. Additionally, hard switching
between operating modes can result in poor dynamic performance and may be problematic
in sensitive applications [35].
Typical implementations reverse the polarity of coil groups, allowing a single winding to
obtain a 2:1 pole ratio. An example is the series/parallel Dahlander connection scheme
displayed in Fig. 3.1. Here, a series connection of coil groups gives rise to a high magnetic
pole count (Fig. 3.1a) while parallel connection provides low pole count operation (Fig. 3.1b).
Pole amplitude modulation (PAM) is yet another winding scheme that enables induction
machine operation at two distinct fixed speeds, but allows for a number of acceptable speed
ratios to be obtained [36]. Unsatisfactory air-gap MMF distributions, however, make this
technique impractical in all situations except when e ciency is of no concern. The coil pitch
of the low pole count winding is the compromise–even space harmonics give rise to added
losses and less than desirable torque/speed characteristics.
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Figure 3.1: (a) 4-pole and (b) 2-pole connections for one phase of a machine with
Dahlander windings.
3.3 Electronic Winding Reconfiguration
3.3.1 Fixed Phase Count
The e↵ective number of magnetic poles in a machine can be adjusted by controlling the
electrical phase of adjacent coils excitations. Using the inverter to control a machine’s
pole count, all physical coil connections remain unchanged. Osama and Lipo examined a
three-phase, six-coil machine designed for 4-pole/2-pole operation [10]. In this fixed phase
count system, a unique dual winding design was shown to provide increased e ciency and
copper utilization through the manipulation of output waveforms from two separate three-
phase inverters. The system arrangement is shown in Fig. 3.2. Two 3-phase IGBT-based
inverters were connected to a machine wound with 4-pole coils and a 120  electrical phase
belt. Four-pole configuration was used for low-speed operation up to 3600 RPM, and a pole
transition scheme was used to switch to 2-pole operation for high-speeds. All simulations
and experimental results were obtained using a current-controlled voltage source inverter
(VSI).
This work was the first to propose pole changing using purely electronic means. However,
all analysis was restricted to 3-phase excitations, and as is the case with PAM systems, poor
winding utilization exists in at least one pole count configuration. Additionally, non-zero
net radial forces were shown to exist when the di↵erence between two pole counts is equal
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(a)
(b)
Figure 3.2: (a) System arrangement and (b) 4-pole winding distribution for the six-coil,
dual three-phase electronic pole-changing machine [37].
to two.
3.3.2 Multiphase Sequence Variation
The pole count of multiphase induction machines can be manipulated simply by adjusting
the sequence of the balanced electrical input [18]. The applicability of this method, however,
is nearly nonexistent because of the resulting air-gap MMF harmonics. To understand this
concept, consider the fact that a balanced m-phase electrical system contains exactly m
excitation sequences, including one zero sequence for an odd number of phases and two zero
sequences for an even number of phases. When a symmetric m-phase armature winding
is fed by a balanced m-phase excitation, half of the remaining excitation sequences give
rise to air-gap fields that rotate in the positive direction while the other half give rise to
backward-rotating air-gap fields. All zero sequences form non-rotating, pulsating fields [18].
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Current corresponding to the kth phase of a balanced m-phase system is
ik(t) = Ims cos (!et  ksm ), (3.1)
where   = 2⇡/m electrical radians, and the sequence number, sm, is defined such that
sm 2 [1, 2, . . . ,m]. Under the assumption of linear magnetics, the total radially-directed
air-gap MMF due to the stator currents may be represented as the summation of MMFs due
to all stator phase windings:
Fs( , t) =
X
k2S
Ns,k( ) ik(t). (3.2)
Here, S denotes the set of all stator windings, and Ns,k( ) is the winding function of the kth
stator phase [8]:
Ns,k( ) =
1X
⌫=1
ak,⌫ cos
⇣
⌫
pw
2
   k⌫↵
⌘
. (3.3)
The angle between successive phases in electrical degrees is ↵, pw is the number of magnetic
poles formed by the stator winding, and ak,⌫ denotes the ⌫th harmonic coe cient, which is
proportional to 1/⌫.
Inserting (3.1) and (3.3) into (3.2) yields
Fs( , t) =
mX
k=1
1X
⌫=1
ak,⌫Ims
2
h
cos
⇣
⌫
pw
2
   !et  k↵(⌫   sm)
⌘
+cos
⇣
⌫
pw
2
 + !et  k↵(⌫ + sm)
⌘i
.
(3.4)
Equation (3.4) comprises two rotating fields: one forward and one backwards. In the case
of full-pitch, concentrated windings (which have been shown to enable utilization of high-
order space and time harmonics for torque production [16]), only odd space harmonics exist.
Under this condition, one of the field components, either forward or backward rotating,
tends to zero for each excitation sequence. When the sequence is odd, ⌫ = sm, the first field
component in (3.4) is non-zero. Resulting air-gap fields rotate in the same direction as the
primary sequence. The machine develops ⌫pw (smpw) e↵ective poles, and the phase velocity
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Table 3.1: MMF characteristics of 11-phase machine under electrical sequence variation.
sm p |Fs/F1| Direction
1 4 1 +
2 36 1/9 -
3 12 1/3 +
4 28 1/7 -
5 20 1/5 +
6 20 1/5 -
7 28 1/7 +
8 12 1/3 -
9 36 1/9 +
10 1 1 -
11 0
of the propagating air-gap field becomes 2!e/⌫pw. For even sequences, ⌫ + sm = m, the
second term in (3.4) is non-zero, and the field rotates in the negative direction with a phase
velocity associated with (m  sm)pw poles. The excitation phase sequence can thus be used
to change the e↵ective number of poles for a multiphase machine.
To provide further illustration, consider an 11-phase machine wound with balanced 4-pole
concentrated winding stator coils with one slot/pole/phase (44 total stator slots). Table 3.1
provides the number of e↵ective magnetic poles, magnitude of MMF component relative to
the primary sequence component, and rotating direction for all potential excitation sequences
[18]. Analytical methods were used to approximate normalized air-gap MMF distributions
for multiple sequence excitations, and are provided in Fig. 3.3 for uniform current excitation.
In addition to reduced air-gap flux levels, the undesirable MMF harmonic content resulting
from non-primary sequence excitations causes their use to be minimal in electronic pole-
changing e↵orts. Use of the inverter to vary both machine pole and phase count, however, can
potentially overcome many of these disadvantages. An introduction to past implementations
of this technique is provided in Section 3.3.3.
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Figure 3.3: Air-gap MMF distribution for 11-phase, 4-pole machine under excitation of the
(a) primary, (b) third, (c) fifth, (d) seventh, and (e) ninth balanced electrical sequence.
3.3.3 Pole-Phase Modulation
Pole-phase modulation (PPM) was first introduced by Miller et al. as a way to have one
induction machine satisfy the two extremely di↵erent performance requirements of an auto-
motive starter/generator [34, 38]. Unlike fixed phase count electronic pole changing, PPM
is used to adjust both the pole count and electrical phase count of a machine. Electronic
manipulation of both pole and phase counts allowed a single induction machine to function
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as a high pole count motor at low-speeds and a low pole count generator at high speeds [38].
When compared to fixed-phase systems, PPM o↵ers increased performance in each operating
mode due to improved utilization of both electric and magnetic components.
For balanced machine operation, the following relationship must be satisfied:
q =
Qs
pm
. (3.5)
Here, Qs is the number of stator slots and q is the number of stator slots/pole/phase (phase
belt). For a particular stator slot count, a range of pole counts can be attained by modulating
the values of p and m in (3.5) when considering a stator winding with q slots/pole/phase.
This modulation of p and m is exploited in PPM.
The first implementation of PPM by Miller et al. utilized a 9-leg inverter to feed a 72-slot
stator lamination designed for high pole count operation and wound with low pole count
toroidal stator coils. Dual 4-pole/9-phase and 12-pole/3-phase operations were attained. A
plot of the two open-loop torque vs. speed curves is provided in Fig. 3.4. The two torque
characteristics were obtained for the same excitation voltage and frequency. When wound
with 4-pole stator coils, this excitation causes the air-gap flux density in 12-pole mode to
be roughly 3⇥ that of 4-pole mode. Succeeding work by Kelly and Strangas showed that
when an appropriate reference frame transformation was used, dynamics associated with
di↵erent pole count operations could be decoupled [39,40]. To this end, vector-based control
techniques were used to control machine dynamics and propose a smooth transition between
the two operating modes.
Recently, PPM induction machines with conventional overlapping windings have been
considered in the literature [26, 27, 41, 42]. Similar dynamic PPM models have been for-
mulated by di↵erent authors for candidate designs using harmonic winding function analy-
sis [26, 31, 42, 43]. All studies, however, have only considered designs with nine inverter legs
and two potential modes of operation (4-pole/12-pole or 6-pole/18-pole). It should be noted
that these arrangements are similar to designs adopted by Miller et al., whose PPM machine
was built “. . . using readily available stator punchings . . . ,” and as a result, no machine and
system-level design trade-o↵s were considered [34].
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Figure 3.4: Open-loop torque/speed curves for 9-phase/4-pole and 3-phase/12-pole
toroidally wound machine [34].
Added operational flexibility is obtained when an increased number of electrical inputs is
used. Since finite element analysis (FEA) has been used to select past PPM designs (where
model development can be quite time intensive), a thorough evaluation of the capabilities
available from di↵erent PPM arrangements does not exist in the literature. Two questions,
in particular, have yet to be fully answered, and will be studied in further detail within this
work:
1. How do design decisions such as inverter leg count, winding topology, and magnetic
design a↵ect the number of potential operating configurations and the performance in
each configuration?
2. How can a smooth transition be made from one pole count to another?
After PPM operation is described in detail in Chapter 4, the first question above is examined
in Chapter 5 using a steady-state PPM model. The second question is evaluated using a
generalized dynamic model and associated control strategy developed in Chapter 6.
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CHAPTER 4
POLE-PHASE MODULATION
4.1 Introduction
Pole-phase modulation (PPM) is a method of electronic pole changing that allows for the
variation of both the machine’s magnetic pole count and electrical phase count. It was first
introduced in 1999 by Miller and Ostovic in a patent titled “Pole-Phase Modulated Toroidal
Winding For an Induction Machine” [38]. Motivated by space constraints in automotive
applications, the disclosed design included an induction machine wound with 4-pole toroidal
coils. A nine-leg inverter was used to excite the machine in two configurations: 4-pole/9-
phase and 12-pole/3-phase.
A follow-up paper was released by Miller et al. in 2001, where the toroidal PPM machine
was operated as an integrated starter/generator [34]. The low-speed/high-torque characteris-
tic of starter operation utilized the 12-pole/3-phase configuration while the low-torque/high-
speed generator mode utilized the 4-pole/9-phase configuration. This work inspired others
to also consider similar 4-pole/12-pole machines with nine electrical inputs [27, 31, 42]. Ad-
ditional PPM topologies exist and should be considered in order to fully understand the
capabilities and benefits of electronic pole changing.
In order to fully examine electronic pole changing, and the potential configurations that are
available, Section 4.2 describes general PPM operation. Conventional and toroidal winding
topologies are examined to demonstrate how a machine’s winding arrangement and inverter
leg count can limit pole count configurations. The e↵ect of inverter leg count on PPM
operation is studied using a 36-slot stator lamination wound with single-layer, full-pitch,
2-pole coils. Section 4.3 investigates the e↵ect of electronic pole changing on air-gap flux
density, stator and rotor core and tooth saturation, magnetic core loss, and equivalent circuit
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parameter values. This analysis is then used to provide high-level performance estimates of
a 2-pole/6-pole PPM machine designed for a wide constant power speed ratio (WCPSR)
application.
4.2 PPM Operation
The basis of PPM operation is that magnetic flux distributions associated with multiple
pole counts can be generated in a machine with Qs stator slots. However, as was shown
in Chapter 2, the number of pole counts supported by a particular machine lamination is
highly dependent upon stator winding geometry. Section 4.2.1 considers toroidal winding
machines where an independent electrical input is used to control each stator slot excitation.
The e↵ects of fixed stator coil pitch–causing the number of electrical inputs to be less than
the number of stator slots–on a machine’s electronic pole count selection is examined in
Section 4.2.2. A practical example using conventional 2-pole overlapping coils is used to
demonstrate PPM operation.
4.2.1 ml = Qs
When the excitation in each and every stator slot is independently controlled, the machine’s
winding does not impose any constraints on the development of air-gap magnetic field dis-
tributions. As a result, magnetic pole count selection reduces to the control of the electrical
phase of slot excitations. The sum of all slot excitations must be zero for all time in order
to develop a balanced magnetic circuit. The electrical phase of the excitation in stator slot
j (⇣j) may therefore be strictly determined for any pole count, p :
⇣j =
p
2
360 
Qs
(j   1) . (4.1)
Consider the 36-slot toroidally wound stator lamination shown in Fig. 4.1. If all coils are
individually controlled, evaluation of (4.1) with Qs = 36 can be used to provide electrical
phase angles for each coil under multiple pole count operations. Table 4.1 lists the electrical
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Figure 4.1: Coil notation for 36-slot stator lamination with toroidal coils.
Table 4.1: Electrical phase di↵erence between adjacent slot excitations for ml = Qs = 36.
p 2 4 6 8 10 12 14 16 18
 ⇣ [ ] 10 20 30 40 50 60 70 80 90
phase di↵erence between two adjacent coils for all available pole count configurations.
The largest pole count that can be theoretically supported by any stator lamination is
pmax = Qs/2. At this limit there are only two stator slots per pole, causing the air-gap
MMF to be a square wave with large harmonic content. As the number of slots (and thus
electrical phases) per pole increases, however, it becomes easier to create a sinusoidal air-gap
flux distribution with low harmonic content. As seen in Table 4.1, when a stator lamination
is wound with toroidal coils and fed with Qs independent inputs, all possible pole counts can
be attained through manipulation of slot excitations. Yet for machines with large stator slot
counts, it may be impractical to individually control each stator slot excitation. In this case,
it becomes necessary to fix the machine’s coil pitch and utilize an inverter count less than
the stator slot count (ml < Qs). Section 4.2.2 examines the e↵ect of this design decision, and
shows that a limited number of electronically-controlled pole count configurations result.
4.2.2 ml < Qs
When the number of independent electrical inputs is less than the stator slot count, PPM
operation allows multiple pole and phase combinations to be excited in a Qs-slot machine
wound for a fixed phase belt, q. To develop a balanced magnetic circuit from a balanced
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Table 4.2: All pole and phase combinations available for Qs = 36 and a double-layer
winding.
2-pole 4-pole 6-pole 8-pole 12-pole
m 3 4 6 9 12 18 3 6 9 3 4 6 3 3
q 6 4.5 3 2 1.5 1 3 1.5 1 2 1.5 1 1.5 1
source, the following relationship exists:
q =
Qs
pm
. (4.2)
For single-layer windings, q must be a non-zero natural number. For double-layer windings,
q can be any fraction that is greater than 1 and divisible by 1/2. In conventional three-phase
settings, machines designed for di↵erent pole counts often have the same number of stator
slots (e. g., Qs = 48 is common to both 4- and 8-pole designs). In this situation—where Qs,
p, and m are specified—the only free variable in (4.2) is q, or the number of series connected
coils per pole. Since q is hardware-defined and fixed during machine construction, a physical
winding reconfiguration is required for pole changing. This has conventionally yielded results
with inferior dynamic performance during pole transitions [30]. However, recent work on
electronic winding changeover techniques, which use power electronics to reconnect stator
windings to provide a wide operating speed range, has shown that smooth transitions can
be realized if appropriately controlled [32].
In PPM operation, on the other hand, the number of electrical phases is software-defined
(adjusted using the inverter), allowing p, m, and q in (4.2) to become free variables for
a given slot count. Consider again a 36-slot stator lamination. Table 4.2 lists all feasible
balanced pole and phase configurations for double-layer windings by evaluating (4.2) with
Qs = 36 and m   3. Unlike the toroidal winding with ml = Qs (which can support
all possible pole counts through manipulation of excitation waveforms), when a machine is
excited with ml < Qs the number of available pole counts is restricted, and becomes a subset
of those shown in Table 4.2. These constraints are dependent upon both lamination and
winding design, and are applicable to both conventional distributed coils and interconnected
toroidal coils. To illustrate this, coil connections corresponding to 4-pole/9-phase operation
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(a) (b)
Figure 4.2: Single phase coil connections for 4-pole/9-phase operation using (a)
conventional and (b) toroidal stator coils.
are shown in Fig. 4.2 using conventional and toroidal coils. Both winding topologies exhibit
identical slot excitations, thus inherently imposing identical restrictions on air-gap magnetic
field development.
As described in Chapter 2, at least one conventional coil or two toroidal coils are required
to force flux across the air-gap from stator to rotor. To illustrate how these two coil designs
can limit available PPM pole count operations, consider the windings shown in Fig. 4.3.
Here, stator-generated 2- and 4-pole flux patterns with one coil end per pole per phase are
provided for conventional and toroidal coil arrangements. The “go” and “return” coil ends
associated with the ith stator phase are labeled i and i0, respectively.
For conventional coils shown in Fig. 4.3a and 4.3c, the di↵erence in coil end polarities
between 2-pole and 4-pole operation clearly shows that a machine wound with 2-pole coils is
inherently unable to generate a 4-pole flux pattern. The opposite is true for 4-pole coils. As
was shown in Section 2.3 though, conventional coils can be used to produce magnetic flux
distributions that are odd multiples of the winding pole count. That is to say, the 2-pole
coil shown in Fig. 4.3a can be used to generate flux patterns with 2j magnetic poles, where
j is a positive odd integer. The same is true for the coils in Fig. 4.3c, which can be used to
generate magnetic flux distributions with 4j poles. This operational limitation is also true
for toroidal windings, but only when ml < Qs.
The aforementioned pole count limitation can be generalized by considering that when
stator coil pitch is hardware-defined (ml < Qs), PPM can only be used to produce pole
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Figure 4.3: Illustrative flux patterns for single coil excitation in 2-pole operation with (a)
conventional and (b) toroidal coils and 4-pole operation with (c) conventional and (d)
toroidal coils.
counts that are odd multiples of the winding pole count:
q =
Qs
⌫ pwm
. (4.3)
Here, ⌫ is the magnetic pole count harmonic, and is the ratio between the number of e↵ective
magnetic poles in the machine (p) and the winding pole count (pw). In other words, if a
machine is wound for pw poles, pw is the lowest possible pole count available. As will be
detailed in Chapter 5, if a single-frequency excitation is assumed, ⌫ must exist in the set of
non-zero harmonics in the stator’s winding function. As an example, ⌫ = 3 operation can
only be used if the stator winding function exhibits non-zero 3rd harmonics.
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Figure 4.4: Coil notation and coil-end locations for 18 full-pitch, 2-pole coils.
Additionally, since phase-shifted induced electromotive forces (EMFs) exist among coils
within a phase-belt, parallel connection of these coils causes their unequal impedances to
give rise to unwanted circulating currents. Therefore, in order to ensure acceptable machine
performance from a voltage sourced inverter, q must be kept constant throughout all pole
count configurations. This means that if, for example, 2-pole/6-pole electronic pole changing
is desired using a 36-slot lamination, then according to Table 4.2, only 2-pole/6-pole oper-
ations with the same value of q can be utilized. This causes three di↵erent configurations
to become available for a double-layer winding: 2-pole/9-phase and 6-pole/3-phase when 9
electrical inputs are used, 2-pole/12-phase and 6-pole/4-phase when 12 electrical inputs are
used, and 2-pole/18-phase and 6-pole/6-phase when 18 electrical inputs are used.
4.2.3 2-Pole single-layer Winding Example
A 36-slot stator with conventional single-layer, full-pitch, 2-pole coils shown in Fig. 4.4 is
considered to illustrate potential pole and phase combinations and excitations. The ith “go”
and “return” coil-ends are again labeled i and i0, respectively. Full-pitch coils contain only
odd winding harmonics; therefore, evaluation of (4.3) with ⌫ = {1, 3} allows for 2- and 6-pole
operation, respectively. A list of excitation options available for each pole count is provided
in Table 4.3.
To enable proper PPM operation, the number of independently controlled inverter legs
(ml) must be:
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Table 4.3: Pole and phase combinations for Qs = 36 and pw = 2 with single-layer windings.
2-pole 6-pole
m 3 6 9 18 3 6
q 6 3 2 1 2 1
Table 4.4: Minimum inverter leg count for Qs=36 and pw=2.
6-pole
m 3 6
q 2 1
3 6 9 18
6 3 [12] 18
9 2 9 18
2-pole
18 1 18 18
• greater than or equal to the maximum number of phases required for any desired pole
count,
• a factor of Qs/pw to ensure equal electrical loading among inverter legs.
Table 4.4 provides minimum inverter leg counts for all possible PPM combinations for the
36-slot machine in Fig. 4.4. Square brackets denote arrangements with unequal loading
per inverter leg while strikethroughs indicate unequal phase belts between pole counts; both
should be avoided. According to Table 4.4, both nine and 18 inverter legs are able to perform
electronic pole changing for the machine shown in Fig. 4.4.
A multitude of excitation arrangements are available in order to excite the eighteen 2-pole
coils [9]. Inverter topologies using parallel connected half-bridge converters are shown in
Figs. 4.5 and 4.6 for 18 and 9 inverter legs, respectively. Figure 4.5 corresponds to PPM
operation with 2-pole/18-phase and 6-pole/6-phase excitations with q = 1. Each of the 18
stator coils are individually excited. A split 9-phase winding topology (18-phase winding
with “half-wave progression”) is used [44, 45]. The pole voltages corresponding to the two
split 9-phase windings shown in Fig. 4.5 are labeled (V1 through V9) and (V1a through V9a),
respectively. Figure 4.6, on the other hand, corresponds to 2-pole/9phase and 6-pole/3-phase
operation with q = 2. Since 18 coils are excited using 9 electrical inputs, each pole voltage
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+Figure 4.5: 18 parallel connected half-bridge converters.
+
Figure 4.6: Nine parallel connected half-bridge converters.
(V1 through V9) represents an independent excitation for two series-connected adjacent stator
coils.
Following the notation used in Fig. 4.5, the electrical phasor diagrams for pole voltages
in 2- and 6-pole operation with 18 leg inverter legs are provided in Fig. 4.7. Similarly, the
electrical phasor diagram for electronic pole changing with 9 inverter legs is shown in Fig. 4.8,
while the electrical phase of each pole-voltage is provided in Table 4.5. When exciting the
machine coils with voltages that correspond to either Fig. 4.5 or Fig. 4.6, the machine’s pole
and phase combination is controlled purely through electronic means. The advantage of
using an increased number of inverter legs in electronic pole-changing applications is further
examined in Chapter 5.
Low-slip flux density plots obtained using finite element analysis (FEA) are provided in
Fig. 4.9 for 9-phase excitation. Excitations according to Figs. 4.8a 4.8b are used to model
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40 
40 
(a) (b)
Figure 4.7: Phasor representation for balanced (a) 2-pole/18-phase and (b) 6-pole/6-phase
excitation using 18 electrical inputs.
40 
(a) (b)
Figure 4.8: Phasor representation for balanced (a) 2-pole/9-phase and (b) 6-pole/3-phase
excitation using 9 electrical inputs.
Table 4.5: Inverter leg electrical phase shift [ ] for 2-pole/6-pole operation with ml = 9.
p m
Inverter leg
1 2 3 4 5 6 7 8 9
2 9 0 -40 -80 -120 -160 +160 +120 +80 +40
6 3 0 -120 +120 0 -120 +120 0 -120 +120
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(a) (b)
Figure 4.9: Flux density distribution for (a) 2-pole/9-phase and (b) 6-pole/3-phase
excitations.
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Figure 4.10: Normal component of stator tooth flux density for (a) 2-pole/9-phase and (b)
6-pole/3-phase excitations.
2-pole/9-phase and 6-pole/3-phase configurations, respectively. Additionally, normalized
values for the normal component of stator tooth magnetic flux density (Bts) are provided
in Fig. 4.10. The obtained magnetic flux distributions and tooth flux density characteristics
show the development of multiple pole counts from the same stator coil and magnetic ge-
ometry. The ability to electronically control an induction machine’s pole count using PPM
with conventional stator coils is supported.
It should be noted that stator coils need not be wound in two-pole configurations to utilize
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Table 4.6: Pole and phase combinations for Qs=54.
2-pole 6-pole 18-pole
m 3 9 27 3 9 3
q 9 3 1 3 1 1
PPM. In fact, stator coil pitch can take values corresponding to all possible pole combinations
for a given stator slot count. For the 36-slot example, a 4-pole single-layer winding could
have been used for 4-pole/9-phase and 6-pole/3-pole operation with a maximum of nine
inverter legs. Further winding alternatives exist for larger machines with increased number
of stator slots. Available excitation combinations for a single-layer, conventionally-wound
54-slot machine are provided in Table 4.6. Performance estimates for a 54-slot machine
excited using 27 inverter legs is provided in Chapter 5.
4.3 High-Level Performance Investigation of Electronic Pole
Changing
To understand the high-level performance capabilities of electronic pole-changing induction
machines with PPM, it is necessary to study the steady-state magnetics associated with
each operating mode. To do this, it is beneficial to first formulate expressions for the air-gap
magnetic flux density (B ) and total flux per stator winding pole ( p). These two quantities
are regularly used in expressions that describe magnetic state of the machine.
If a sinusoidally distributed rotating air-gap magnetic field is assumed, the flux density
associated with the ⌫th harmonic of the winding pole count can be expressed as:
B ,⌫( sm, t) = Bˆ ,⌫ cos
⇣
!et  ⌫ pw
2
 sm
⌘
, (4.4)
where  sm is a mechanical position relative to the stator. Under the assumption of linear
magnetic materials, the total air-gap is equal to the summation over all harmonic compo-
nents:
B ( sm, t) =
1X
⌫=1
B ,⌫( sm, t). (4.5)
46
The maximum amount of flux that can link any stator coil is equal to the total amount of
flux under one winding pole, and can be calculated using (4.5) as
 p =
Z
⌧p
B  · nˆ dA =
Z 2⇡/pw
0
 1X
⌫=1
B ,⌫( sm, t)
!✓
D
2
Le
◆
d sm. (4.6)
Here, D is the average air-gap diameter and Le is the e↵ective axial length of the stator
lamination stack. For windings exhibiting only odd space harmonics (i.e., typical distributed,
balanced concentric and lap windings), the instantaneous flux per pole becomes
 p =
X
⌫2O
2DLe
⌫pw
Bˆ ,⌫ sin (!et), (4.7)
where O is the set of positive odd integers with non-zero harmonic components in the stator
winding function. Equation (4.7) can be alternatively expressed in terms of the flux per pole
corresponding to each pole count harmonic ( p,⌫):
 p =
X
⌫2O
 p,⌫ . (4.8)
4.3.1 Magnetic Loading and Loss
To study the utilization of a machine’s magnetic material, it is helpful to obtain expressions
for magnetic flux density estimates at di↵erent locations throughout the machine. Here, the
peak magnetic flux density in the air-gap (Bˆ ) and stator and rotor cores (Bˆcs and Bˆcr) are of
primary interest. Flux density levels in the stator and rotor teeth (Bts and Btr, respectively)
are directly related to B  through geometric relationships associated with the stator and
rotor lamination design. In this investigation it is assumed that the slotting structure in
both stator and rotor are designed to avoid excessive saturation at and below Bˆ  values of
1.0 p. u.
Machine symmetry forces the air-gap flux per pole to flow in two parallel paths in the
stator and rotor back when leakage flux is assumed to be negligible. This is illustrated in
Fig. 4.11, where magnetic flux lines are shown for a portion of a pole in the air-gap and
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Figure 4.11: Distinction between air-gap flux density (B ), stator tooth flux density (Bts),
and stator core flux density (Bcs).
stator core in a conventional inner rotor, radial-flux machine. Parallel flux branches existing
in the stator core allow Bcs to be expressed in terms of B , where the magnitude of the ⌫th
harmonic is
Bˆcs,⌫ =
 ˆp,⌫/2
fstkLehcs
=
D
⌫pwhcsfstk
Bˆ ,⌫
/ Bˆ ,⌫
⌫pw
.
(4.9)
Here, hcs is the height (depth) of the stator core and fstk is the stacking factor of the
laminated core. An expression similar to (4.9) can be obtained for the rotor core.
Equation (4.9) shows that Bcs is inversely proportional to magnetic pole count, revealing
that for a fixed value of air-gap flux density, increased flux density levels exist in the core
during low pole count operations. As a result, increased core saturation is expected during
low pole count operations (p = pw and ⌫ = 1). Alternatively, (4.9) can also be used to
understand that when a fixed level of core flux density is assumed, increased saturation
along the air-gap is expected in high pole count configurations (large ⌫).
Air-gap flux linkage ( m) indicates machine back-emf strength, and provides a good in-
dicator of the relationship between air-gap magnetic fields and stator windings. Harmonic
winding factors, kw,⌫ (Appendix A), can be used to relate B  to  m [2]. The amplitude of
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Figure 4.12: Partial 36-slot prototype stator lamination.
the ⌫th harmonic of  m can be shown to take the form
 ˆm,⌫ = Nserkw,⌫ ˆp,⌫ =
2Nserkw,⌫DLe
⌫pw
Bˆ ,⌫ , (4.10)
where the e↵ective number of series turns per phase winding is Nser.
To quantify how electronic pole changing a↵ects air-gap flux linkage, consider the partial
2D stator lamination cross-section shown in Fig. 4.12. This 36-slot stator lamination was
modeled in FEA in Fig. 4.9, and is used in the experimental prototype detailed in Chapter 7.
Slot locations for a balanced 9-phase (A-B-C-. . . -I), full-pitch, 2-pole winding are provided
in Fig. 4.9. Pole count harmonics ⌫ = 1, 3 correspond to 2-pole/9-phase and 6-pole/3-phase
air-gap flux distributions, respectively. Utilizing the harmonic winding factor expressions
established in Appendix A, the first and third winding factor harmonics are kw,1 = 0.996
and kw,3 = 0.965. Assuming equal peak air-gap flux densities, Bˆ ,3 = Bˆ ,1, (4.10) provides
the relationship
 ˆm,1
 ˆm,3
= 3.10. (4.11)
The e↵ect of decreased flux linkage in high-order winding harmonics is exhibited in (4.11).
Nonidealities of the stator windings reduce the e↵ectiveness of utilizing high-order pole count
harmonics. Due to the reduction in the pole arc, a reduction of air-gap flux linkage to 1/⌫
is inevitable. For the example machine, however, 6-pole winding factors further reduce air-
gap flux linkage by over 3% when compared to 2-pole operation. This results in decreased
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utilization of magnetic material in high pole count operations.
Magnetic core loss can be a large component of total machine loss in many applications
with wide operating speed ranges [46]. The eddy-current component of core loss density can
be analytically approximated using the classic formula [47]
We = CeBˆ
2
csf
2
e , (4.12)
where Ce is a loss coe cient associated with the core lamination. Consider the case where
PPM electronic pole changing is used, and the mechanical slip in each pole count opera-
tion is approximately equal. For a given operating speed, operation utilizing the ⌫th pole
count harmonic requires a supply frequency ⌫ times larger than the fundamental. However,
according to (4.9), core flux density levels in the ⌫th pole count are (1/⌫th) of that in the
fundamental winding pole count. Due to these conflicting variations in Bˆcs and fe across
di↵erent pole count operations, (4.12) provides the approximation that for the same air-gap
flux density, core losses are nearly the same for all operating modes.
4.3.2 Equivalent Circuit Parameters
Steady state induction machine performance is commonly analyzed using a per-phase equiv-
alent circuit. A detailed equivalent circuit model for conventionally-wound PPM induction
machines is developed in Chapter 5. However, in order to enable an initial high-level exami-
nation of the potential performance benefits available with electronic pole changing, several
simplifying assumptions are used in this section.
Coupled coil analysis can be used to show that total per-phase magnetizing inductance is
proportional to the square of the harmonic winding factor and inversely proportional to the
square of the harmonic order [18, 48],
Lm,⌫ / 1
g
k2w,⌫
⌫2
. (4.13)
As the harmonic order increases—or pole counts beyond the winding pole count are used—
the magnetizing inductance is rapidly decreased and consequently the magnetizing current
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is expected to be substantial. Using the winding factors for the dual 2-pole/6-pole example
considered in Section 4.3.1, (4.13) suggests that 2-pole phase inductance is roughly 9.59
times that of 6-pole operation. This magnetization ratio, however, is highly dependent upon
operating point and localized level of saturation, and is expected to decrease during actual
operation.
Stator and rotor conducting materials are hardware-defined, and remain constant during
all modes of operation in electronic pole changing. Stator resistance is defined purely by the
interconnection and layout of coils, and when windings are appropriately designed to reduce
skin e↵ects, is assumed to remain unchanged for all pole count operations. Current distri-
butions in squirrel cage rotors are determined from the stator-developed air-gap magnetic
field distribution. As such, reorganization of conduction paths within the shorted rotor bars
is expected to occur between di↵erent pole operations. Although past works have assumed
constant values of referred rotor resistances using the premise of equal power loss [27, 37],
analysis in Chapter 5 reveals significant parameter variation among pole counts.
Assuming both stator and rotor leakage components are dominated by end-winding and
slot leakage flux (and end-winding leakage flux in a squirrel cage rotor is not highly a↵ected
by magnetic pole count) leakage components are roughly equal in all modes of operation.
When the stator resistive drop is negligible the magnetizing current is much lower than the
air-gap current, and maximum machine torque can be approximated using [49]
Te,max ⇡ ml V
2
s ⌫ pw
4Leq !2e
. (4.14)
Here, Vs is the rms fundamental stator phase voltage, ml is phase count, and Leq is the
equivalent series leakage inductance of the stator and referred rotor components.
4.4 Wide Constant Power Ratio (WCPSR) Case Study
Equation (4.14) shows that induction motor peak torque capability is proportional to har-
monic order for a given machine flux. To illustrate the consequences of this result in an
electronic pole-changing machine, consider the case where a 6-pole lamination is wound
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Figure 4.13: Approximate torque capability curves for 2-pole and 6-pole operation.
with 2-pole stator coils for dual 2-pole/6-pole operation. Additionally, the machine is de-
signed and operated such that each pole count operation exhibits 3 p.u. overload torque
capability (Te,max = 3Te,rated).
Rated air-gap and core flux density values are attained in 6-pole operation. However,
to avoid excessive core saturation, according to (4.9) air-gap flux density levels in 2-pole
operation should be 1/3 p.u. (Bˆ ,3 = 3Bˆ ,1). Under this condition, the flux linkage ratio in
(4.11) becomes 1.03. Since  m,⌫ / Vs/!e, evaluation of (4.14) causes 2-pole rated torque
levels to be approximately three times lower than 6-pole operation. Torque capability curves
(in terms of rated and peak values) for this illustrative 2-pole/6-pole PPM machine are
provided in Fig. 4.13.
As shown in Fig. 4.13, maximum stator voltage levels are reached at 1.p.u. speed in 6-pole
operation. Field weakening is used to operate at 1 p.u. power until the breakdown torque
and rated power torque curves intersect (3 p.u. speed), providing a constant power speed
ratio (CPSR) of 3:1. From Fig. 4.13 a CPSR of 3:1 is also exhibited in 2-pole operation,
where the base and maximum speeds of the constant power region are 3 p.u. and 9 p.u.,
respectively.
Integrated starter/generators exhibit 10:1 peak torque to rated power torque levels [33],
while electric traction motors often require CPSRs in excess of 5:1 [50]. A potential machine
design solution could utilize a PPM induction machine that allows electronic switchover
52
0 0.5 1 1.50
0.5
1
ω
e
 [p.u.]
V
φ [
p.u
.]
 
 
p=2
p=6
Figure 4.14: Air-gap voltage and electrical frequency relationship for constant.
between the 2-pole and 6-pole torque capability curves shown in Fig. 4.13. For illustrative
purposes, allow the machine to follow the example discussed in Section 4.3.1, where 2-pole
and 6-pole winding factors are kw,1 = 0.996 and kw,3 = 0.965, respectively.
The air-gap voltage associated with the ⌫th pole count harmonic can be obtained using
(4.7) as
vgap,⌫ =   @
@t
[Nserkw,⌫ p] =   @
@t

Nserkw,⌫
2DLe
⌫pw
Bˆ ,⌫ sin (!et)
 
. (4.15)
The rms amplitude of (4.15) is
V ,⌫ =
|vgap,⌫ |p
2
=
p
2!eNserkw,⌫DLe
⌫pw
Bˆ ,⌫ . (4.16)
When paired with the requirement for reduced air-gap flux density in low pole count oper-
ation, (4.16) can be used to provide the relationship
Bˆ ,1
Bˆ ,3
=
1
3
=
V ,1
kw,1!e,1
/
3V ,3
kw,3!e,3
, (4.17)
which provides a comparison of V/f ratios for each operating mode:
V ,1/!e,1
V ,3/!e,3
=
kw,1
kw,3
= 1.03. (4.18)
A voltage vs. electrical frequency relationship that satisfies (4.18) is provided in Fig. 4.14.
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Maximum inverter voltage provides a 1 p.u. air-gap voltage at a 1 p.u. excitation frequency
in 6-pole operation. Under this condition, phase voltage in 2-pole operation becomes limited
at an electrical frequency of 0.969 p.u. due to an increased winding factor. Under constant
slip control, the air-gap voltage curves of Fig. 4.14 may be plotted over speed as is shown in
Fig. 4.15a, where the base speeds for 6-pole and 2-pole operations are 1 p.u. and 2.91 p.u.,
respectively.
Air-gap flux density, stator core flux density, rated torque, and rated power curves are
provided in Figs. 4.15b-4.15e for the air-gap voltage profiles shown Fig. 4.15a. Solid black
traces correspond to 6-pole operation (up to 3 p.u. speed) and dotted black traces correspond
to 2-pole operation (up to 8.73 p.u. speed). If a transition from 6-pole to 2-pole operation
occurs at a speed of 3 p.u. (6-pole operation up to 3 p.u. and 2-pole operation beyond),
the resulting machine performance is highlighted in Fig. 4.15 with a red trace. Since the
2-pole motor is already in flux-weakened operation at 3 p.u. speed, Bˆ  falls only slightly at
the transition point. Additionally, due to the instantaneous lengthening of the magnetic
pole arc, flux density in the stator and rotor yokes jumps to nearly 1 p.u. while the air-
gap voltage remains at 1 p.u. An increased winding factor in 2-pole operation provides
increased rated torque levels, allowing for an approximate CPSR of nearly 8.73:1. To obtain
a comparable CPSR with a conventional fixed phase pole count induction machine, a roughly
8.73 peak-to-rated torque ratio is required. Since the volume of a machine is proportional to
its torque capability, such a design would be vastly oversized compared to a similarly rated
PPM machine.
4.5 Conclusion
This chapter discussed the general operation of PPM induction machines. Potential operat-
ing modes were shown to be a function of stator slot count, winding topology, and number of
inverter legs. Example PPM operation was presented for a 36-slot stator lamination wound
with full-pitch, 2-pole coils. Dual 2-pole/6-pole excitation was examined for arrangements
using 18 and 9 inverter legs. Steady-state finite element results supported the ability of
PPM machines to develop flux distributions associated with multiple pole counts.
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Figure 4.15: (a) Air-gap phase voltage, (b) air-gap flux density, (c) stator core flux density,
(d) torque, and (e) power vs. speed profiles. Solid, dotted, and red curves correspond to
6-pole, 2-pole, and resultant performance with a switchover at 3 p.u speed, respectively.
Air-gap and core magnetic flux density expressions were derived in terms of pole count har-
monics, allowing the machine’s magnetic loading to be evaluated under di↵erent electronically-
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controlled pole count configurations. To highlight a potential operational benefit of PPM, a
6-pole lamination with 2-pole windings was considered. When fed by a nine-phase inverter,
a transition from 6-pole/3-phase operation to 2-pole/9-phase operation allowed for an esti-
mated WCPSR of nearly 9:1. Due to the pole count transition, peak-to-rated torque levels
of 3:1 were utilized, causing machine size and magnetic core utilization to be drastically
improved when compared to conventional fixed phase and pole count machines designed for
similar WCPSR applications.
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CHAPTER 5
STEADY STATE ELECTRONIC POLE-CHANGING
CAPABILITIES
5.1 Introduction
A simplified analysis of estimated machine performance in each pole count configuration of
a PPM machine was provided in Chapter 4, and was used to motivate potential applications
and benefits of the machine topology and operation arrangement. This chapter provides a
more in-depth analysis of potential PPM operating modes through the development of a
steady state equivalent circuit model.1 Recently, dynamic PPM induction machine models
with dual vector control for online pole-changing have been presented for toroidal [31,40,51]
and conventional [26, 27, 41, 42] winding topologies. Finite element models (or even surplus
stator laminations) were used to select PPM winding arrangements. Due to the time intensity
of model development, however, only a small number of designs was considered [27,41]. All
PPM analyses have thus been limited to 4-pole/12-pole or 6-pole/18-pole machines with
nine inverter legs. A very narrow fraction of the potential PPM design space has therefore
been considered in the literature.
The potential benefits of PPM are not yet clear due to the limited configurations con-
sidered in the literature. To better understand PPM advantages, a steady-state equivalent
circuit model is developed here. This chapter presents an analytical framework that can be
used to study the capabilities and trade-o↵s associated with numerous PPM hardware and
software design decisions. The proposed model is presented in Section 5.2 and develops cir-
cuit parameter expressions that are a function of machine magnetic and winding geometries
alone. Due to the generalized formulation of parameter expressions, the model can be used
to study how magnetic geometry, winding design, inverter design, and electronic pole count
1The material in this chapter is based upon work published in [48].
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adjustments a↵ect overall machine performance.
A 36-slot caged rotor induction machine with conventional overlapping 2-pole stator coils is
used to illustrate model development and parameter variation due to electronic pole changing
in Section 5.3. Dual 2-pole/6-pole operation is considered for two di↵erent inverter topolo-
gies: 9 and 18 inverter legs. Model estimates for equivalent circuit parameters and machine
performance in each excitation configuration and operating mode are validated against 2D
finite element models, and are found to adequately capture the electromagnetic interactions
occurring within electronic pole-changing induction machines.
A 54-slot induction machine stator lamination wound with 27 full-pitch stator coils is
used to demonstrate model flexibility and its ability to model machines with more than two
pole count configurations. Standard machine performance estimates are used to highlight
the benefits of highly parallelized operation where each inverter leg excites a low number
of armature coils in Section 5.4. The existence of multiple torque vs. speed profiles for a
single drive system is shown to provide useful “switch points” that can be used for machine
control.
5.2 Equivalent Circuit Model for Pole-Phase Modulation
Induction Machines
Steady-state analysis, in terms of a per-phase equivalent circuit, is a well-established method
to understand the e↵ects of fundamental design decisions on machine performance. Tradi-
tional equivalent circuit models, however, are insu cient in the case where the number of
electrical inputs does not always equal the number of balanced electrical phases and the
number of magnetic poles does not always equal the winding pole count. Both of these
conditions exist under PPM operation. To understand how equivalent circuit parameters
may be determined, and how they change during di↵erent modes of operation, an equivalent
circuit model for PPM induction machines is developed.
In the induction machine per-phase equivalent circuit in Fig. 5.1, core loss is ignored
and only the fundamental electrical and single most dominate space harmonic is considered.
The number of unique electrical excitations in PPM machines is software-defined (potentially
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Figure 5.1: Per-phase, steady-state induction machine equivalent circuit.
variable for all modes of operation), and the inverter leg count is hardware-defined (constant
for all modes of operation). A per-phase equivalent circuit is developed where “phase” is
associated with an inverter leg. Sections 5.2.1-5.2.4 present expressions for all five circuit
parameters shown in Fig. 5.1.
5.2.1 Resistance
The smallest building block of a stator coil is a strand, or single electrical conductor. Multiple
strands establish a coil, which can be wound multiple times within the machine. Several
coils may then be connected either in series or parallel to form a phase winding, which is
connected to a single inverter leg. The total resistance corresponding to each stator phase is
thus dependent upon the arrangement of multiple conductors within a single coil, and the
interconnection of multiple coils within a winding.
The electrical resistance of a single stator coil is given by
rc =
⇢clc
aAc
Nc, (5.1)
where ⇢c is the conductor’s electrical resistivity, a is the number of strands-in-hand, Ac is
the cross-sectional area of one conductor, lc is the mean length of one coil turn, and Nc is
the number of series turns per coil. The resistivity and/or conductor area terms in (5.1) can
be appropriately adjusted to account for skin e↵ects [52]. If Ccs coils are connected in series
within the same pole-pair and Cpp circuits are connected in parallel to produce one single
59
stator phase winding, an expression for the total resistance seen by each inverter leg is
Rs =
pwCcs
2C2pp
rc. (5.2)
Here, each inverter leg is assumed to be connected to all pw/2 pole-pairs of a stator phase
(either in series or parallel).2
Assuming stator currents set up a sinusoidally varying, rotating air-gap field, through
induction the voltage (and current) in each rotor bar also varies sinusoidally. With a signif-
icant number of rotor bars per pole, the squirrel cage rotor can be modeled as an e↵ective
polyphase winding with q = 1 and mr = Qr/p e↵ective rotor phases [2]. The rotor cage is
comprised of Qr rotor bars and 2Qr end-ring segments that link the bars. The resistance
of these two components (rbar and rer, respectively) may be used to determine the e↵ective
resistance of each mr rotor phase.
The resistance of each rotor bar is
rbar =
⇢barlbar
Abar
, (5.3)
where ⇢bar is the electrical resistivity of the rotor bar, lbar is the length of each bar, and Abar
is the cross-sectional area of the rotor bar. Similarly, the resistance of each end-ring segment
is
rer =
⇢erler
Aer
, (5.4)
where ⇢er, ler, and Aer are defined analogously to the rotor bar. Following the derivation
carried out by Lipo [2], the e↵ect of end rings can be incorporated into each bar resistance,
creating an e↵ective bar resistance
rbe = rbar +
rer
2 sin2
⇣
⇡p
2Qr
⌘ . (5.5)
Due to periodicity of the rotor currents about one pole-pair, a set of p/2 rotor mesh circuits
2Depending upon the excitation arrangement, Ccs need not be equal to the phase belt (q) for a given
pole and phase operation. Therefore Ccs is used in (5.2) instead of q.
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Figure 5.2: Equivalent circuit of one rotor pole-pair mesh obtained by absorbing end-ring
e↵ects into rotor bar parameters.
are formed, each taking a form comparable to Fig. 5.2. Similar to rbe, Lbe is the e↵ective
rotor bar inductance when end-ring e↵ects are included. Each rotor phase, or closed loop
in Fig. 5.2, contains two e↵ective bar resistances in series. The per phase rotor resistance is
therefore given by
Rr = 2rbe. (5.6)
As with the stator coils, frequency-dependent rotor bar and end-winding terms can be used
to account for slip-dependent resistance variation.
5.2.2 Leakage Inductance
In general, there are four primary leakage flux components in the induction machine: slot
leakage flux, end-winding leakage flux, di↵erential leakage flux (often separated into zigzag
leakage and belt leakage components), and skew leakage flux [2, 53]. Di↵erential leakage is
caused by the existence of space harmonics in the air-gap flux distribution. This second order
term is ignored in this study in order to focus on the development of select low-order air-gap
flux harmonics due to stator coil distributions. Stator lamination and winding structures
are of primary concern in this study, and without particular attention to the rotor structure,
skew leakage components are also ignored. As a result, only slot and end-winding leakages
are considered.
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Figure 5.3: Slot shapes with specified dimensions [28].
The leakage inductance associated with a single slot may be expressed as
Lslot = µ0LeN
2
cPs, (5.7)
where Ps is the specific permeance of the slot [47]. Specific permeances for the slot shapes
shown in Fig. 5.3 can be estimated using
Ps = h4
3b2
+
h3
b2
+
h1
b1
+
h2
b2   b1 ln
✓
b2
b1
◆
. (5.8)
Assuming all slot permeances are equal (all stator slots are identical), the total stator slot
leakage per phase for a single-layer winding is
Lslot/phase =
pwCcs
2Cpp
2Lslot. (5.9)
Exact calculation of the stator end-winding leakage inductance is very di cult due to the
e↵ect of adjacent coils and phases within the machine’s end space. As a result, machine
manufacturing companies develop design-specific empirical formulas [54]. One such expres-
sion for the end-winding leakage per stator slot given by Lipo [2], and adapted for this work,
is
Lew/slot = 2.4µ0k
2
wp,1k
2
wd,1CcsN
2
c
✓
le2 +
le1
2
◆
. (5.10)
Here, the specific permeance of the end-winding is 1.2µ0, and is assumed to be an empirical
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Figure 5.4: Stator end-winding configuration for leakage calculation [16].
factor. The terms kwp,1 and kwd,1 are fundamental winding pitch and distribution factors,
respectively. The lengths le1 and le2 correspond to uniform diamond windings and are shown
in Fig. 5.4 where
le1 =
pw⌧p1(bc + te)
2
p
⌧ 2s1   (bc + te)2
. (5.11)
Here, ⌧p1 and ⌧s1 are the stator pole and slot pitches measured at the middle of the slot.
The breadth of the coil is given by bc, and te represents air spaces between two insulated
coil sides (which is assumed to be zero for random-wound machines). The total end-winding
inductance per inverter leg is the parallel combination of Cpp circuit inductances,
Lew/phase =
pwCcs
C2pp
Lew,slot. (5.12)
Finally, the total stator leakage inductance seen by each inverter leg is simply the sum of
the slot and end-winding leakage terms:
Lls = Lslot/phase + Lew/phase. (5.13)
The leakage inductance of each rotor phase depends on rotor slot shape, end-ring dimen-
sions, and the magnetic pole count generated by the stator coils. Analogous to the expression
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for Rr in (5.6), the total leakage inductance of an e↵ective rotor phase is
Llr = 2Lbar +
Lew,r
sin2
⇣
⇡p
2Qr
⌘ . (5.14)
Rotor bar slot leakage, Lbar, is obtained by evaluating (5.7) with Nc = 1. The end-winding
leakage inductance per rotor end-ring segment is denoted by Lew,r in (5.14). Although
numerical methods are required to accurately estimate leakage fluxes, empirically-derived
approximations such as
Lew,r = µ0
4
9
(lre + ⌧r,avg) (5.15)
are typical in steady-state analyses [2,55,56]. Equation (5.15) combines the e↵ect of bar-end
and short-circuited end rings, and is a function of machine pole count through geometric
parameters  and ⌧r,avg. In (5.15), the length that the rotor bar extends beyond the rotor
core is given by lre, ⌧r,avg is the rotor pole pitch measure at middle of the end-ring, and  is
an empirically derived constant based on pole count.
5.2.3 Mutual Inductance
The induction machine stator and rotor form a system of two electrical circuits comprising
multiple coils with varying degrees of magnetic coupling. Each circuit exhibits both self
(stator!stator and rotor!rotor) and mutual (rotor!stator and stator!rotor) coupling.
Assuming balanced excitation and a symmetric magnetic construction, a per-phase expres-
sion for flux linkages (where “phase” is again used to mean inverter leg count) may be
developed using traditional phasor notation as
 s = LlsIs + LmsIs + LsrIr (5.16)
 r = LlrIr + LmrIr + LrsIs. (5.17)
Here, Lls (Llr) and Lms (Lmr) are the leakage and magnetizing inductances associated with
one stator (rotor) phase, respectively. The mutual inductance between the stator (rotor)
and rotor (stator) phases is given by Lsr (Lrs). All rotor parameters in (5.16) and (5.17) are
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defined with respect to a rotor reference frame. To develop an e↵ective turns ratio needed to
refer rotor parameters to the stator, expressions for the mutual coupling between the rotor
and stator must first be obtained.
Rotor!Stator (Lsr)
Rotor-to-stator mutual inductance is determined using the total amount of rotor-produced
flux that links all stator coils connected to one inverter leg. Ignoring slot harmonics and
skewing, the fundamental component of the air-gap magnetomotive force (MMF) set up by
one of the mr rotor phases can be represented as a full-pitch, p-pole coil with one turn,
Fbar1,1( rm, t) = 4
⇡
ibar,1(t)
2
sin
⇣p
2
 rm
⌘
. (5.18)
Here,  rm is a mechanical position relative to the rotor and the current in the first rotor
phase is assumed to take the form
ibar1(t) = Imr sin (!rt). (5.19)
The electrical angular frequency of the rotor currents is !r, which is defined using slip, s, as
!r = s!e =
✓
!e   p2!rm
!e
◆
!e. (5.20)
The electrical angular frequency of the stator currents is given by !e while !rm is the me-
chanical angular speed of the rotor.
The fundamental component of the air-gap MMF distribution formed by the second rotor
phase (or mesh) is simply a phase-shifted version of (5.18):
Fbar2,1( rm, t) = 4
⇡
ibar,2(t)
2
sin
✓
p
2
 rm   ⇡p
Qr
◆
. (5.21)
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The current is also phase shifted:
ibar2(t) = Imr sin
✓
!rt  ⇡p
Qr
◆
. (5.22)
Comparable fields and currents exist for each of the other Qr/p rotor phases. In a linear
system where saturation is ignored, the fundamental component of the total rotor air-gap
field can be calculated using superposition:
Fr,1( rm, t) =
Qr/pX
n=1
Fbar n,1( rm, t)
=
Qr/pX
n=1
4
⇡
ibar,n(t)
2
sin
✓
p
2
 rm   (n  1)⇡p
Qr
◆
=
2Imr
⇡
Qr/pX
n=1
sin
✓
!rt  (n  1)⇡p
Qr
◆
sin
✓
p
2
 rm   (n  1)⇡p
Qr
◆
. (5.23)
Use of a trigonometric identity reduces (5.23) to
Fr,1( rm, t) = Imr
⇡
Qr/pX
n=1
h
cos
⇣
!rt  p
2
 rm
⌘
  cos
✓
!rt+
p
2
 rm   2(n  1)⇡p
Qr
◆ 
. (5.24)
The second term within the summation in (5.24) tends to zero, causing the fundamental
component the total air-gap field to become
Fr,1( rm, t) = 1
⇡
Qr
p
Imr cos
⇣
!rt  p
2
 rm
⌘
. (5.25)
It should be noted that (5.25) is derived in a rotor coordinate frame rotating a mechanical
angular velocity !rm.
If the air-gap magnetic field is assumed to be entirely radially directed and constant across
the air-gap, and the reluctance of machine laminations are negligible, the total fundamental
component of rotor-produced flux linking one winding pole of the first stator phase can be
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obtained using the concept of winding functions:
 pw,sr =
µ0rLe
g
2⇡/pwZ
0
Nl1( sm)Fr,1( rm, t) d rm. (5.26)
Here, r is the average air-gap radius and g is the e↵ective air-gap length using Carter’s
coe cient [28]. The winding function for the first stator phase, Nl1( sm), is
Nl1( sm) =
2
⇡
CcsNc
1X
⌫=1
kw,⌫
⌫
cos
⇣
⌫
pw
2
 sm
⌘
, (5.27)
where the ⌫th stator winding factor is again given by kw,⌫ [19]. Inserting (5.25) and (5.27)
into (5.26) yields:3
 pw,sr =
µ0rLe
g
2⇡/pwZ
0
 
2
⇡
CcsNc
1X
⌫=1
kw,⌫
⌫
cos
⇣
⌫
pw
2
 sm
⌘!
⇥
✓
1
⇡
Qr
p
Imr cos
⇣
!et  p
2
 sm
⌘◆
d sm.
(5.28)
The integral in (5.28) can be separately evaluated for each stator winding harmonic. If
p/pw is even, (5.28) is non-zero when ⌫ is odd or when ⌫ = p/pw. If p/pw is odd, (5.28)
is non-zero when ⌫ is even or when ⌫ = p/pw. Both p/pw and ⌫ are strictly odd for the
case of non-fractional pitch windings. Equation (5.28) is thus non-zero only when ⌫ = p/pw,
providing4
 pw,sr =
✓
1
⇡
◆✓
kw,⌫CcsNcQr
p2
◆✓
µ0DL
g0
◆
Imr cos (!et). (5.29)
When parallel pole-pair connections are considered, the total flux linking all poles of one
stator phase is
 sr =  pw,sr
pw
Cpp
. (5.30)
3A transformation to the stationary (laboratory) reference frame is used ( sm =  rm + !rmt), causing
!r in Fr( , t) to become !e.
4Windings with both even and odd harmonics can couple flux with working and non-working stator
harmonics. This can be shown to degrade system performance in caged induction machines [6, 57].
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The definition of mutual induction between the stator and rotor phases,
Lsr =
 sr
Imr cos (!et)
, (5.31)
provides an expression for the rotor-to-stator mutual inductance:
Lsr =
✓
1
⇡
◆✓
kw,⌫CcsNcQrpw
p2Cpp
◆✓
µ0DLe
g
◆
. (5.32)
This result can be physically understood. To utilize a pw-pole winding for p-pole operation,
the p/pthw space harmonic of the stator winding function is required.
Stator!Rotor (Lrs)
Stator-to-rotor coupling (Lrs) is the amount of total stator-produced flux that links one of
the Qr/p rotor phases. Air-gap fields in a PPM machine, however, are identical to those
produced by a traditionally-wound machine with the same p/m/q configuration. As such,
the derivation of Lsr closely follows traditional theory.
To formulate an expression for the total air-gap MMF due to a balanced m-phase stator
winding, consider first the MMF created by one single phase. For the first phase of a balanced
polyphase winding ( 1) with phase current is1(t) and coil current is1(t)/Cpp, the resulting
air-gap MMF is:
F 1( sm, t) = N 1( sm) is1(t)
Cpp
. (5.33)
Using (5.27), and letting Ccs = q and pw = p, (5.33) becomes
F 1( sm, t) = 2
⇡
qNc
is1(t)
Cpp
1X
⌫=1
kp,⌫
⌫
cos
⇣
⌫
p
2
 sm
⌘
. (5.34)
When a single-frequency sinusoidal stator excitation is considered with
is1(t) = Ims cos (!et), (5.35)
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trigonometric identities can be used to manipulate (5.34). The result is:
F 1( sm, t) =
1X
⌫=1
Fm⌫ 1
2
h
cos
⇣
!et+ ⌫
p
2
 sm
⌘
+ cos
⇣
!et  ⌫ p
2
 sm
⌘i
, (5.36)
where
Fm⌫ =
✓
2
⇡
◆✓
qNcImskp,⌫
⌫Cpp
◆
. (5.37)
The expression in (5.36) has been decomposed into two traveling waves, one rotating in
the positive  sm direction (forward) and the other rotating in the negative  sm direction
(backward). Both waves travel at a speed
d sm
dt
=
±2!e
⌫p
. (5.38)
Consider now the case where each phase of an m-phase winding is displaced around the
circumference of the machine by 2⇡/m electrical radians and the currents in each phase are
also displaced in time by 2⇡/m electrical radians. The air-gap MMF distribution due to the
kth phase becomes:
F k( sm, t) =
1X
⌫=1
Fm⌫ 1
2
⇢
cos
⇣
!et  ⌫ p
2
 sm
⌘
+ (⌫   1)(k   1)2⇡
m
 
+cos
⇣
!et+ ⌫
p
2
 sm
⌘
  (⌫ + 1)(k   1)2⇡
m
  
.
(5.39)
The total MMF created by all phases in the polyphase winding is the summation of the
MMFs due to each of the m-phases. Following the derivation of Gieras et al. [19], the total
stator-defined field takes the form
Fs( sm, t) = 1
2
1X
⌫=2km+1
mFm⌫ cos
⇣
!et  ⌫ p
2
 sm
⌘
+
1
2
1X
⌫=2km 1
mFm⌫ cos
⇣
!et+ ⌫
p
2
 sm
⌘
,
(5.40)
where k 2 N. The forward traveling fundamental component is obtained by looking at the
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first summation in (5.40) and evaluating it at k = 0 to yield
Fs,1( sm, t) = mqNckp,1
⇡
Ims
Cpp
cos
⇣
!et  p
2
 sm
⌘
. (5.41)
Here, kp,1 is the fundamental winding factor for a conventional p/m/q winding where m is
the number of unique electrical excitations (not ml).
Following a similar procedure used in the derivation of Lsr, the total stator-produced
air-gap flux linking one rotor phase is
 p,rs =
µ0rLe
g
2⇡/pZ
0
Nbar 1,1( rm)Fs,1( sm, t) d sm. (5.42)
The fundamental component of the first rotor phase’s winding function,
Nbar 1,1( rm) =
2
⇡
sin
⇣p
2
 rm
⌘
, (5.43)
is the only term considered because the coil pitch of the rotor circuit is derived from the
number of magnetic poles p, not pw. Assuming the first rotor phase axis is aligned with the
maximum of the stator air-gap field, (5.42) becomes
 p,rs =
⇣m
⇡
⌘✓kp,1qNc
pCpp
◆✓
µ0DLe
g
◆
Ims cos (!et). (5.44)
Because circular connections exist in the rotor circuit, the total flux linking one rotor mesh
is equal to the flux linking one pole ( rs =  p,rs), resulting in
Lrs =
⇣m
⇡
⌘✓kp,1qNc
pCpp
◆✓
µ0DLe
g
◆
. (5.45)
Rotor!Rotor (Lmr)
The influence of rotor air-gap fields on each individual rotor phase is considered through the
rotor magnetizing inductance, Lmr, and is calculated by determining the amount of rotor
developed air-gap flux that links one rotor mesh. If the fundamental component of flux
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linkage for the first rotor mesh is
 mr =
µ0rLe
g
2⇡/pZ
0
Nbar 1,1( rm)Fr,1( rm, t) d rm, (5.46)
and expressions for Nbar,1,1( rm) and Fr,1( rm, t) are substituted, the rotor magnetizing in-
ductance becomes
Lmr =
✓
1
⇡
◆✓
Qr
p2
◆✓
µ0DLe
g
◆
. (5.47)
Stator!Stator (Lms)
The final coupling component to be considered is the stator magnetizing inductance. This
can be attained through a similar procedure as used in deriving Lmr. The amount of stator-
developed air-gap flux linking one pole of one stator phase is
 pw,ms =
µ0rLe
g
2⇡/pwZ
0
Nl1( sm)Fs,1( sm, t) d sm. (5.48)
In the case of full-pitch windings, the integral in (5.48) is again only non-zero when ⌫ takes
a value that is a multiple of pw. The rationale used in the determination of Lsr applies here
as well. Evaluation of (5.48) at ⌫ = p/pw causes the total stator magnetizing inductance to
become
Lms =
⇣m
⇡
⌘✓pw
p
◆✓
Nc
Cpp
◆2
(kp,1kw,⌫Ccsq)
✓
µ0DLe
g
◆
. (5.49)
5.2.4 E↵ective turns ratio
An e↵ective stator/rotor turns ratio can be used to refer rotor variables to the stator circuit.
It may be obtained by utilizing a common magnetizing inductance term shared by both
stator and rotor circuits [2]. If the expressions for Lsr, Lrs, Lmr, and Lms from (6.20),
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(5.45), (6.16) and (6.13) are inserted into (5.16) and (5.17), the result is
 s = LlsIs +
⇣m
⇡
⌘✓pw
p
◆✓
Nc
Cpp
◆2
(kp,1kw,⌫Ccsq)PmIs
+
✓
1
⇡
◆✓
kw,⌫CcsNcQrpw
p2Cpp
◆
PmIr (5.50)
 r = LlrIr +
✓
1
⇡
◆✓
Qr
p2
◆
PmIr
+
⇣m
⇡
⌘✓kp,1qNc
pCpp
◆
PmIs. (5.51)
Here, Pm is used to denote the unit air-gap permeance
Pm = µ0DL
g0
. (5.52)
A common magnetizing inductance coe cient can be obtained in (5.50) through the ma-
nipulation of Lsr:
 s = LlsIs +
⇣m
⇡
⌘✓pw
p
◆✓
Nc
Cpp
◆2
(kp,1kw,⌫Ccsq)Pm
 
Is +K1Ir
 
. (5.53)
Here, the constant K1 is
K1 =
QrCpp
mpkp,1qNc
, (5.54)
and can be used to define a modified rotor current, I
0
r:
I
0
r = K1Ir. (5.55)
Incorporating (5.55) into (5.51) yields
 r =
Llr
K1
I
0
r +
⇣m
⇡
⌘✓kp,1qNc
pCpp
◆
Pm
⇣
I
0
r + Is
⌘
. (5.56)
The mutual inductance coe cient in (5.56) can be made to match Lms through the intro-
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duction of another constant, K2,
K2 r =
K2
K1
LlrI
0
r + Lms
⇣
I
0
r + Is
⌘
, (5.57)
where
K2 =
pwkw,⌫CcsNc
Cpp
. (5.58)
Using the constants K1 and K2, a modified rotor leakage variable can be established:
L0lr =
K2
K1
Llr = KsrLlr. (5.59)
This primed value of rotor leakage inductance can be interpreted as rotor value referred to
the stator by an e↵ective turns ratio. The turns ratio not only considers the di↵erence in
stator and rotor turns, but also the number of phases. The rotor resistance can similarly be
referred to the stator as
R0r = KsrRr, (5.60)
where the full expression for the e↵ective turns ratio is
Ksr =
✓
mppwkp,1kw,⌫Ccsq
Qr
◆✓
Nc
Cpp
◆2
. (5.61)
If Lm = Lms and  
0
r = K2 r, the stator and rotor flux linkage equations can be expressed in
terms of referred rotor parameters as
 s = LlsIs + Lm
⇣
Is + I
0
r
⌘
(5.62)
 
0
r = L
0
lrI
0
r + Lm
⇣
Is + I
0
r
⌘
. (5.63)
5.3 FEA Validation
A magnetically-nonlinear finite element model with 18 full-pitch, 2-pole coils (Figure 5.5a)
was created in Flux2D [58] to verify the proposed analytical model. The squirrel cage
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(a)
(b) (c)
Figure 5.5: Flux2D (a) model geometry and electrical circuit for a 36-slot stator wound
with 18 full-pitch coils, and excited using (b) nine and (c) 18 electrical inputs.
machine has 36 stator slots and 28 rotor bars. Dual 2-pole/6-pole operation (⌫ = [1, 3])
is investigated using nine and 18 independently controlled electrical inputs. The electrical
circuits used to simulateml = 9 andml = 18 are provided in Figs. 5.5b and 5.5c, respectively.
A balanced (ml/⌫)-phase voltage source is used to excite ⌫pw-pole flux waveforms within
each simulation. For ml electrical sources, the electrical phase of the jth voltage source is
given by
✓j = ✓0   2⇡
ml
(j   1)(2'+ 1), (5.64)
where ' is the pole count variable (' = 0 for 2-pole/ml-phase and ' = 1 for 6-pole/(ml/3)-
phase) and ✓0 is a default electrical phase o↵set.
The magnetic loading of the machine is determined according to the phase, frequency,
and amplitude of the excitation in each operating mode. Electrical phase is determined in
(5.64) by the pole count selection variable '. Peak stator tooth flux density levels must be
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Table 5.1: FEA excitation parameters at fe = 60 Hz.
Parameter
ml = 9 ml = 18
2-pole 6-pole 2-pole 6-pole
Ccs 2 2 1 1
⌫ 1 3 1 3
V ,⌫ [V ] 36.59 35.46 18.36 18.36
controlled to avoid excessive saturation levels, and can be done using appropriate voltage
amplitude and frequencies obtained using analytical approximations.
If all air-gap flux under a single stator slot pitch is assumed to flow through the tooth,
the maximum amount of flux passing through one tooth is
 ts,⌫ =
Z
⌧s
B ,⌫ · nˆ dA =
Z ⇡/Qs
 ⇡/Qs
 1X
⌫=1
B ,⌫( sm, t)
!✓
D
2
Le
◆
d sm, (5.65)
where ⌧s is the stator slot pitch. Using the expression for B ,⌫( sm, t) given in (4.4), the
amplitude of (5.65) becomes
 ˆts,⌫ =
2DLe
⌫pw
Bˆ ,⌫ sin
✓
⌫
⇡pw
2Qs
◆
. (5.66)
Letting  s represent the stator slot ratio, peak tooth flux density can be related to air-gap
flux density through
Bˆts,⌫ =
 ˆts,⌫
Le (1   s) ⌧s
=
2Qs
⇡⌫pw (1   s)Bˆ ,⌫ sin
✓
⌫
⇡pw
2Qs
◆
. (5.67)
If (5.67) is solved for Bˆ ,⌫ and substituted into (4.16) with Nser = CcsNc, an expression for
the rms magnitude of air-gap voltage with respect to stator tooth flux density is obtained:
V ,⌫ = CcsNc!e,⌫kw,⌫
⇡DLe (1   s)p
2Qs sin
⇣
⌫ ⇡pw2Qs
⌘Bˆts,⌫ . (5.68)
Finite element stator voltage amplitudes for each operating mode, when excited at an
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electrical frequency of 60 Hz, are determined using (5.68) and provided in Table 5.1. As
discussed in Section 4.3, peak stator tooth flux density values were chosen proportional
to pole count to avoid core saturation and Bts,1 = 3Bts,3 = 1.4 T. Corresponding flux
distributions and the normal component of flux density in the center of the stator teeth
are provided in Figs. 5.6 and 5.7, respectively, for each pole count operation at a slip of
0.03. Obtained field distributions match expected results. Coil interconnections in ml = 9
operation give rise to magnetic field distribution that is shifted by one half of a stator slot
pitch (5 mech. degrees) when compared to the fields generated in ml = 18 operation. The
ability of PPM windings to produce multiple low-distortion flux distributions through the
utilization of harmonics in the stator winding distributions is clearly exhibited.
5.3.1 Equivalent Circuit Parameters
Conventional no-load and locked-rotor tests, as described in Appendix B, were applied to
each operating condition of the finite element model. Resulting equivalent circuit parameters,
along with analytical model estimate errors relative to FEA results, are provided in Table 5.2
for ml = 9 and Table 5.3 for ml = 18. The stator resistance and leakage inductance terms
are equal in both models, with values of {Rs = 0.763 ⌦, Lls = 4.057 mH} for ml = 9 and
{Rs = 0.382 ⌦, Lls = 1.29 mH} for ml = 18.
Accurate estimation of unsaturated magnetizing inductance, as seen in Tables 5.2 and
5.3, supports the understanding that high-order harmonics of stator winding function can
be used to develop flux distributions associated with multiple magnetic pole counts using a
single stator winding and magnetic structure. The proposed analytical model is also seen
to adequately estimate R0r and L
0
lr values in all pole counts and inverter leg counts, with
errors averaging roughly 10.5 % and 10.3 %, respectively. The deviation between analytical
and FEA estimates can most likely be attributed to analytical assumptions regarding slot
harmonics and leakage flux, the e↵ects of which are heavily dependent on both pole count
and saturation. Considering the empirical nature of many estimates within the proposed
model however, the obtained errors are well within reason.
The equivalent circuit values presented in Tables 5.2 and 5.3 provide one important insight:
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(a) (b)
(c) (d)
Figure 5.6: Flux distribution for (a) 2-pole/9-phase, (b) 6-pole/3-phase, (c)
2-pole/18-phase, and (d) 6-pole/6-phase operations at s = 0.03.
Table 5.2: Equivalent circuit parameter comparison for ml=9.
Parameter
2-pole 6-pole
Model FEA Error [%] Model FEA Error [%]
Lm [mH] 271.2 276.6 1.95 28.31 29.05 2.55
R0r [⌦] 1.55 1.30 19.23 0.69 0.67 2.95
L0lr [mH] 12.11 11.78 2.80 6.58 6.99 5.87
variation in magnetizing reactance and all referred rotor variables is clearly exhibited during
electronic pole changing using PPM. Table 5.4 compares the variation in estimated parameter
values for all operating modes. Previous work proposed that only magnetizing inductance
values change with pole count under the assumption that when appropriately controlled,
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Figure 5.7: Normal component of stator tooth flux density under (a) 2-pole and (b) 6-pole
operation with 9 and 18 inverter legs at s = 0.03.
Table 5.3: Equivalent circuit parameter comparison for ml=18.
Parameter
2-pole 6-pole
Model FEA Error [%] Model FEA Error [%]
Lm [mH] 136.64 139.96 2.37 15.17 15.05 0.80
R0r [⌦] 0.78 0.71 9.86 0.37 0.41 9.77
L0lr [mH] 6.10 6.70 8.96 3.53 4.60 23.26
Table 5.4: Equivalent circuit parameter ratios between pole count operations.
Ratio
ml = 9 ml = 18
Model FEA Model FEA
Lm,1/Lm,3 9.58 9.52 9.00 9.30
R0r,1/R
0
r,3 2.24 1.93 2.11 1.73
L0lr,1/L
0
lr,3 1.84 1.68 1.73 1.46
equal power loss exists in each operating mode [27,37,41,42]. This work establishes variation
in referred rotor parameters in both the presented analytical model and FEA results.
5.3.2 Steady State Performance
Torque and stator phase current profiles can be used to investigate the e↵ects of inverter leg
count and electronic pole changing on machine performance in voltage-driven applications.
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Figure 5.8: Analytical and FEA performance estimates for ml = 9: (b) torque vs. speed,
(b) torque vs. slip, and (c) line current vs. slip.
Using the analytical circuit parameter estimates in Tables 5.2 and 5.3, standard equivalent
circuit analysis techniques are used to compare machine performance estimates to those
obtained through FEA. Comparison of analytical and numerical torque vs. speed, torque
vs. slip, and phase current vs. slip profiles are provided in Figs. 5.8 and 5.9 for ml = 9 and
ml = 18, respectively.
The ability of PPM to properly adjust magnetic pole count to obtain multiple torque-
speed profiles from a single magnetic structure and winding arrangement is clearly exhibited.
Analytical torque and current characteristics are seen to closely follow numerical results, es-
pecially in the low-slip region. The proposed analytical models provide peak (breakdown)
torque estimates with between 1.4% and 7.6% error when compared to finite element re-
sults. Resulting low-slip (below s = 0.05) current error is below 13.1%, with the maximum
occurring in 2-pole operation with ml = 18.
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Figure 5.9: Analytical and FEA ml = 18 performance estimates: (a) torque vs. speed, (b)
torque vs. slip, and (c) line current vs. slip.
5.4 Parameter Variation
Pole-phase modulation adjusts the electric and magnetic state of the machine without any
physical changes to the machine or winding. As result, Rs and Lls remain constant for
all operating modes, and are only a↵ected by hardware changes. The rotor and magnetiz-
ing components, however, are a function of both hardware-defined variables (Ccs, Cpp) and
software-defined variables (p,m), and are expected to change with pole and phase varia-
tion. As seen in Section 5.3, parameter variation due to inverter leg count and electronic
pole changing was present in both the presented analytical model as well as in FEA. Accu-
rate estimation of steady-state machine performance supports the proposed model’s ability
to estimate the e↵ects of stator geometrical and winding design decisions on machine pa-
rameters and system performance. The closed form expressions existing for each machine
parameter can be used to develop insight regarding machine design decisions. The following
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Table 5.5: Winding factor ratio ( ) vs. Ccs for 2-pole/6-pole operation and Qs = 36.
Ccs 1 2 3
  1.0 1.06 1.18
sections analyze the sensitivity various design decisions have on equivalent circuit machine
parameters.
5.4.1 Magnetizing Inductance
Consider two operating modes: the first corresponds to the winding pole count (p1 = pw),
and the second corresponds to the nth pole count harmonic (p2/pw = n). According to
(5.49), the ratio of magnetizing inductance in each mode of operation is
Lm
   
p=p1
Lm
   
p=p2
=
✓
kp1,1kw,1
kp2,1kw,⌫
◆
n2 =  n2. (5.69)
Here,   is defined to be the winding factor ratio. When the phase belt of each pole count
operation is equal to the number of series connected coils per winding pole count (q1 = q2 =
Ccs), the winding factor ratio reduces to   = (kw,1/kw,⌫)2.
The 36-slot stator shown in Fig. 5.5a can be operated by inverter leg counts of ml =
{6, 9, 18} (corresponding to phase belt lengths of Ccs = {3, 2, 1}) for 2-pole/6-pole operation
with a single-layer winding. The e↵ect of inverter leg count, and thus phase belt variation, on
  for the aforementioned machine is provided in Table 5.5. The phase-belt length increases
with decreasing ml, causing a drop in the nth harmonic of the winding function. The factor
of n2 in (5.69) is unavoidable, thus values of   greater than 1 represent an unwanted decrease
in magnetizing reactance during pole changing. To avoid excessive drops in Lm in high pole
operation, Ccs should be decreased and a large number of inverter legs used.
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Figure 5.10: Variation in (a) L0lr and (b) R
0
r ratios for 2-pole/6-pole operation.
5.4.2 Referred rotor parameters
The e↵ective turns ratio, as expressed in (5.61), is a function of both hardware- and software-
defined parameters. The ratio of Ksr between two operating modes can be shown to equal  ,
suggesting that small phase belts (highly parallelized operation) provide minimal variation in
Ksr between di↵erent pole and phase combinations. In addition to exhibiting a dependence
of  , referred rotor resistance and inductance terms are also factors of Qr and p. Estimated
ratios of L0lr and R
0
r for dual 2-pole/6-pole operation are provided in Fig. 5.10. The geometry
is again that of Fig. 5.5a, which has a nominal rotor slot count of Qr = 28.
Both relationships in Fig. 5.10 suggest that in addition to a large number of inverter
legs, referred rotor parameter variation is minimized when the number of rotor bars is low.
However, since low values of L0lr designate strong stator-rotor coupling and low values of R
0
r
are generally desired to increase low-slip e ciency, it is not clear that it is always beneficial
to increase Ccs—especially when cost and complexity is considered. Complete performance
estimates, by way of equivalent circuit analysis, can shed light on this question, and is done
so in Section 5.4.3.
5.4.3 Machine Performance Estimates
A steady state equivalent circuit model for PPM induction machines was developed in Sec-
tion 5.2 and validated against finite element models in Section 5.3. The electromagnetic
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Table 5.6: Pole and phase combinations for Qs=54 and pw=2.
2-pole 6-pole 18-pole
m 3 9 27 3 9 3
q 9 3 1 3 1 1
Table 5.7: Equivalent circuit parameters for 54-slot stator with full-pitch, 2-pole coils.
ml p Rs [⌦] Lls [mH] Lm [mH] L0lr [mH] R
0
r [⌦]
9
2 1.15 10.37 551.7 27.21 3.47
6 1.15 10.37 56.97 14.62 1.53
27
2 0.38 2.08 185.6 9.15 1.17
6 0.38 2.08 20.61 5.29 0.56
18 0.38 2.08 2.28 4.92 0.49
phenomena occurring during PPM are adequately captured. This allows the model to be
used to study the e↵ect of numerous design decisions on overall system performance. To
demonstrate the capabilities of the tool and how it may scale, a machine with three operat-
ing modes is considered. A 54-slot stator wound with 27 full-pitch, 2-pole coils is modeled.
Table 5.6 lists the excitation options for each pole count. To consider the e↵ects of inverter
leg count on machine performance over multiple pole counts, ml = 9 and ml = 27 operations
are considered, where the associated equivalent circuit parameters are provided in Table 5.7.
Using the same excitation methodology as Section 5.3–where 18-pole air-gap flux density
is 3⇥ and 9⇥ that of 6-pole and 2-pole operations, respectively–analytically derived perfor-
mance curves are provided in Fig. 5.11 for 60 Hz operation. While adhering to magnetic
saturation limits, increased peak torque levels in high pole count operation are obtained at
the cost of increased current loading, as seen in Fig. 5.11b. This relationship exists due to
the decrease in magnetizing reactance and rotor impedance per phase, as shown in Table 5.7.
Phase impedance varies indirectly with pole count, allowing electronic pole changing to be
seen as a way to vary e↵ective machine impedance using the phase of inverter excitations.
The number of inverter legs only significantly a↵ects line current at high-slip operating
points, as shown in Fig. 5.11b. In 6-pole operation at a slip of 0.03, an increase in inverter
leg count from 9 to 27 (3⇥ reduction in phase belt length) provides a 28.5% increase in
torque while requiring only 8.9% more current. With significant number of slots per pole in
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Figure 5.11: (a) Torque vs. speed, (b) line current vs. slip, (c) e ciency vs. slip, and (d)
power factor vs. slip over a range of inverter leg counts and pole operations for Qs = 54
and pw = 2.
all operating modes, highly modularized operation (low number of stator coils per inverter
leg) is therefore expected to improve machine torque density in all pole configurations due to
improved flux linkage. Due to poor high-order winding factors, however, flux linkage drops
in high-pole counts, and is clearly exhibited in the decreasing incremental increase in peak
torque performance when 2-pole coils are used for 6-pole and 18-pole operations.
Figures 5.11c and 5.11d provide estimates of e ciency and power factor (pf) vs. slip. De-
creased performance in terms of pf and e ciency are seen to exist over all values of slip
in operations when p 6= pw. This relationship is expected, for when the impedance of the
magnetizing branch is no longer the dominating term (as is the case when p > pw), from
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its terminals, the induction motor appears highly inductive and absorbs reactive power in
order to magnetize the air-gap. Extremely poor machine e ciency exists in 18-pole opera-
tion, and is a direct result of increased conduction losses in the stator winding at low power
factors. Low e ciencies of high pole count configurations are not tremendously detrimental
in applications where high-torque/low-speed applications exhibit a very short operational
duration (such as integrated starter-generator [34, 59]). Additionally, the machine power
factors obtained in particular configurations during electronic pole changing are nearly ir-
relevant from a system-level perspective since the inverter can be used to adjust the drive’s
input impedance.
5.5 Determination of Pole Count Transition
The three distinct torque vs. speed characteristics shown in Fig. 5.11a suggest the use of
PPM induction machines in applications with a wide operating speed range. Following the
WCPSR analysis presented in Section 4.4, an air-gap phase voltage vs. mechanical speed
plot can be obtained for 2-pole/6-pole/18-pole operation with ml = 27, and is provided in
Fig. 5.12a.
When phase voltage and frequency are controlled according to Fig. 5.12a, each torque
vs. speed curve in Fig. 5.11a outlines a peak torque vs. speed capability profile. Peak torque
entitlement curves corresponding to ml = 27–with stator resistive drop compensation–are
provided in Fig. 5.12b. Peak torque and speed values are given in per-unit, where the
base values are the peak torque and base speed of 18-pole operation. Due to increased
magnetic loading and reduced impedance at high pole counts, Fig. 5.12b shows that PPM can
potentially provide exceptional low-speed torque capability while also delivering an extremely
wide near constant-power operating range.
The proposed analytical model allows performance characteristics unique to each com-
pletely decoupled and independent operating mode to be obtained. The intersection of these
curves can provide “switch points” that can be used for control purposes. As an example,
if the control objective were to maximize torque over a wide speed range that encompassed
multiple pole count operations, the switch points denoted with red circles in Fig. 5.12b can
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Figure 5.12: (a) Phase voltage and (b) peak torque vs. mechanical speed with ml = 27
under limited dc bus and field-weakened operation.
be used to mark locations where pole count transitions should occur. This topic is explored
in more detail in Chapter 6.
5.6 Conclusion
This chapter presented a steady state per-phase equivalent circuit model applicable for PPM
induction machines. Using harmonic winding functions to represent stator and rotor coil
distributions, closed form expressions for all stator and rotor equivalent circuit parameters
were obtained. Expressions are functions of machine physical geometry and stator winding
topology alone, and provide an extremely generic and flexible tool to study the e↵ects of
magnetic design, winding design, inverter design, and electronic pole count configuration on
machine performance.
The proposed analytical model was validated using finite element analysis. A 2D steady-
state magnetostatic model of a 36-slot stator lamination wound with 18 full-pitch, 2-pole
coils was evaluated for dual 2-pole/6-pole operation with both 9 and 18 electrical inputs.
Analytically-derived equivalent circuit parameter estimates closely matched finite element
results, and confirmed predicted rotor parameter variation. Estimated steady-state perfor-
mance characteristics coincided closely with numerical results, and provided at most a 7.6%
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error in breakdown torque and a 13.1% error in low-slip line current.
A 54-slot machine capable of three pole count configurations (2-pole/6-pole/18-pole) with
27 inverter legs and dual 2-pole/6-pole operation with 9 inverter legs was analyzed to show
model flexibility and its ability to display machine parameter variation and design trade-
o↵s. An increase in inverter leg count from 9 to 27 was seen to provide a 28.5% increase
in low-slip torque with a 8.9% increase in line current. For this particular configuration, a
high number of electrical inputs (with correspondingly decreased phase voltage) was shown
to increase overall torque performance without a significant increase in machine electrical
loading. Intersection of the three torque vs. speed characteristics available in 27-phase
operation was shown to provide potential “switch points” that can be useful for control
purposes in highly dynamic applications.
Limitations of this method are the same as other empirically-based equivalent circuit mod-
els: it is assumed that all electromagnetic phenomena could be adequately described using
closed-form expressions. The current implementation ignores saturation and skin e↵ects,
which can provide imperfect performance estimates during high-speed and/or high magnetic
loading conditions. All non-working air-gap harmonics are ignored during each pole count
analysis to simplify parameter expressions, causing the model to ignore many of the har-
monic interactions existing in double-salient machines [6]. Classical empirical expressions
for the stator and rotor end-winding leakage inductance were used within this work, and
are expected to have varying levels of applicability based on actual machine and winding
construction. Due to the large number of simplifying assumptions that were required in
the development of this model, its niche is in narrowing large design spaces quickly so that
candidate systems can be analyzed with higher fidelity using other tools.
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CHAPTER 6
PPM INDUCTION MACHINE DYNAMICS
6.1 Introduction
The steady-state PPM model presented in Chapter 5 provides machine performance es-
timates for electronic pole-changing induction machines over a wide range of pole count
configurations, lamination geometries, and stator winding designs. The model generates
multiple performance characteristics for a single magnetic geometry and winding structure.
A dynamic machine model, however, is needed to describe the time-domain interactions
that occur within a PPM machine, and to develop control strategies for an online transition
between di↵erent pole count configurations. For the same reasons as the steady-state model,
the conventional dynamic induction machine model does not apply to PPM operation.
Osama and Lipo created a dynamic model for electronic pole-changing in a 2-pole/4-pole
fixed phase count induction machine [10]. Harmonic winding functions were used to develop
two decoupled energy conversion subspaces planes, one for 2-pole and the other for 4-pole
operation. Similar techniques have been applied to PPM machines; however, only models
specific to 4-pole/9-phase and 12-pole/3-phase operations were considered [27,31,34,40,42].
As a result, a narrow view of electronic pole-changing induction machines using PPM exists in
the literature. To address this, a generalized dynamic model is developed.1 The formulation
considers an ml-phase machine with n number of potential operating modes. The available
degrees of freedom in polyphase vector space decomposition are used to develop decoupled
energy conversion subspaces for each available pole count operation. The resulting decoupled
model allows conventional control techniques to be individually applied to each operating
mode, and is demonstrated with 9-phase and 15-phase machines.
1The material in this chapter is based upon work published in [60].
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A 2D transient finite element model is used to validate the proposed time-domain ma-
chine model in Section 6.5. Free acceleration characteristics are compared for an 18-coil
machine with 9 inverter legs under dual 2-pole/6-pole operation. Torque, speed, and current
transients obtained using the proposed model closely align with numerical model estimates.
Section 6.6 presents both scalar and vector control techniques for online pole count transi-
tions. An abrupt step-transition and gradual ramp-transition are considered for each control
approach, and simulated for a 6-pole/3-phase to 2-pole/9-phase transition. In terms of speed
and torque regulation, current transients, and magnetic saturation levels, a ramp-transition
scheme under vector control provides the smoothest pole change.
6.2 Stationary Reference Frame PPM Machine Model
Traditional transient induction machine models assume sinusoidally distributed windings,
and are not able to capture the harmonic interactions that exist in PPM machines [31].
Although stator and rotor dynamic equations are the same for both PPM and traditional
machines, increased detail is required for PPM resistance and inductance expressions. Har-
monic representations of stator and rotor coil distributions are adopted to provide required
machine detail, and are accompanied with the following assumptions:
• mutual leakage between stator and rotor phases is neglected,
• magnetic saturation, core loss, and axial variation are ignored,
• smooth air-gap,
• single frequency electrical excitation.
Expressions for all stator and rotor inductances are derived in Section 6.2.1, and are then
used to refer system equations to the stator terminals in Section 6.2.2. Final expressions are
seen to match traditional theory, where the only di↵erence is the expression used for each
circuit parameter.
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Conventional induction machine voltage (v) and flux linkage ( ) equations expressed in
vector-matrix form are
vs = Rsis +
d s
dt
(6.1)
vr = Rrir +
d r
dt
(6.2)
 s = Lsis +Lsrir (6.3)
 r = L
|
sris +Lrir. (6.4)
Subscripts ‘s’ and ’r‘ denote stator and rotor variables, respectively, and self-inductance
matrices consist of leakage and magnetizing terms:
Ls = Lls +Lms (6.5)
Lr = Llr +Lmr. (6.6)
A generalized ml-phase stator winding is assumed in this formulation, thus all stator vectors
are ml-dimensional. Additionally, if an adequate number of rotor bars are assumed to exist
per pole, then the caged rotor with Qr rotor bars can also be modeled with an e↵ective
balanced ml-phase winding [8].
The torque and mechanical equations are
Te = i
|
s
@Lsr
@✓rm
ir (6.7)
d!rm
dt
=
Te   TL
J
(6.8)
d ✓rm
dt
= !rm. (6.9)
Here, !rm is the rotor mechanical angular velocity, ✓rm is the position of the rotor reference
axis relative to the stator reference axis, TL is load torque, and J is the rotational inertia of
the coupled machine and load. Bold lower-case characters are used to denote vectors, while
bolded upper-case characters denote matrices. Rs and Rr are diagonal matrices with non-
zero elements equal to the stator and rotor coil resistances (rs and rr), respectively. Since
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mutual leakage between stator and rotor coils is ignored, Lls and Llr are diagonal matrices
with non-zero elements equal to the respective leakage inductance for each winding.
6.2.1 Inductance Expressions
Winding functions provide a convenient way to model machine coils and formulate general-
ized inductance expressions between any two coils in a coupled system [8, 61]. The mutual
inductance between any two coils i and j (either on stator or rotor) can be estimated using
winding functions as
Lij( m, t) =
µ0rLe
g
2⇡Z
0
Ni( m, t)Nj( m, t) d m. (6.10)
Here, Ni and Nj represent the winding functions for coils i and j, respectively [62]. With ml
balanced stator windings, the kth winding function for a machine wound for pw poles takes
the form
Ns,k ( sm) =
1X
⌫=1
ns(⌫) sin

⌫
✓
pw
2
 sm   (k   1)2⇡
ml
◆ 
(6.11)
where
ns(⌫) =
2
⇡
CcsNckw,⌫
⌫
. (6.12)
Each element of the ml ⇥ ml stator mutual coupling matrix, Lms, is obtained through
substitution of (6.11) into (6.10) and integrating over  sm. By superposition, Lms may be
expressed as a summation of coupling matrices of each winding function space harmonic:
Lms =
1X
⌫=1
Lms,⌫(⌫). (6.13)
The element in the ith row and jth column of Lms,⌫(⌫) takes the form
li,jms,⌫(⌫) = ⇡
µ0rLe
g
ns(⌫)
2 cos

⌫
2⇡
ml
(j   i)
 
. (6.14)
Assuming that the rotor cage is represented by an e↵ective ml phase winding, the kth rotor
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winding function is2
Nr,k ( rm) =
1X
⌫=1
nr(⌫) sin

⌫
✓
pw
2
 rm   (k   1)2⇡
ml
◆ 
. (6.15)
Due to the caged rotor design, a closed form expression for nr(⌫) is not readily defined.
Evaluation of (6.10) using (6.15) reveals that Lmr can also be represented as
Lmr =
1X
⌫=1
Lmr,⌫(⌫), (6.16)
where
li,jmr,⌫(⌫) = ⇡
µ0rLe
g
nr(⌫)
2 cos

⌫
2⇡
ml
(j   i)
 
. (6.17)
It should be noted that all stator and rotor mutual inductances (Lms and Lmr) are constant
and irrespective of the rotor’s spatial position due to the assumption of a smooth air-gap.
Coupling between the ith stator coil and the jth rotor coil is analogously obtained by
evaluating
li,jsr ( sm, rm) =
µ0rLe
g
2⇡Z
0
Ns,i( sm)Nr,j( rm) d rm. (6.18)
Using the relationship between stator and rotor reference frame axes
 sm =  rm + ✓rm, (6.19)
(6.18) can be evaluated to show that there is again no coupling between di↵erent winding
harmonics. The rotor to stator coupling matrix can therefore be represented as a summation
of coupling matrices of di↵erent harmonics:
Lsr =
1X
⌫=1
Lsr,⌫(⌫, ✓rm), (6.20)
2Chapter 5 defines rotor winding pitch as being dependent upon machine pole count, p. However, since
p/pw must be a non-zero harmonic of the stator winding function, pw may be used in (6.15). The same
rationale may be used for the use of ml in (6.15) instead of mr.
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where each element takes the form
li,jsr,⌫(⌫, ✓rm) = ⇡
µ0rLe
g
ns(⌫)nr(⌫) cos

⌫
✓
pw
2
✓rm +
2⇡
ml
(j   i)
◆ 
. (6.21)
Now that PPM harmonic inductance expressions have been obtained, the model in (6.1) and
(6.2) can be referred to the stator terminals. Unlike in Chapter 5, the procedure used to refer
rotor parameters to the stator terminals in this dynamic model follows the methodology used
by Krause et al. [8] and Osama and Lipo [10], and does not explicitly develop an e↵ective
turns ratio expression. Details regarding the development of a stator-referred dynamic model
are presented in Section 6.2.2.
6.2.2 Machine variables referred to stator
The stator and rotor equations in (6.1) and (6.2) are referenced to their respective windings.
It is, however, most convenient to refer all equations to the stator windings, and may be
done so by multiplying all rotor variables by an appropriate turns ratios:
i0r =
nr(⌫)
ns(⌫)
ir, v
0
r =
ns(⌫)
nr(⌫)
vr,  
0
r =
ns(⌫)
nr(⌫)
 r. (6.22)
Inserting (6.22) into (6.1) and (6.2) allows referred inductances to take the form [8]
Lsr,⌫(⌫)
0 =
ns(⌫)
nr(⌫)
Lsr,⌫(⌫) (6.23)
Lmr,⌫(⌫)
0 =
✓
ns(⌫)
nr(⌫)
◆2
Lmr,⌫(⌫) (6.24)
L0lr =
✓
ns(⌫)
nr(⌫)
◆2
Llr. (6.25)
An expression similar to (6.25) exists for the referred rotor resistance matrix R0r. It is
important to note that due to the harmonic representation used for all inductance expressions
(including Llr and Rr), turns ratios are specific to each space harmonic.
Incorporating the appropriate turns ratios in (6.24) into (6.17), the stator and referred
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rotor mutual inductance matrices become equal and can be denoted using Lm:
Lms = L
0
mr = Lm. (6.26)
The elements of Lm are defined as
li,jm,⌫(⌫) = lm(⌫) cos

⌫
2⇡
ml
(j   i)
 
, (6.27)
where
lm(⌫) = ⇡
µ0rLe
g
ns(⌫)
2. (6.28)
An expression for L0sr using (6.28) becomes
li,jsr,⌫(⌫, ✓rm)
0 = lm(⌫) cos

⌫
✓
pw
2
✓rm +
2⇡
ml
(j   i)
◆ 
. (6.29)
Even with adjusted parameter expressions, inserting (6.22)-(6.26) into the unreferred ma-
chine equations causes the transformed voltage equations to again match traditional theory:
vs = Rsis +
d s
dt
(6.30)
v0r = R
0
ri
0
r +
d 0r
dt
. (6.31)
The stator and referred rotor flux linkages are
 s = (Lls +Lm) is +L
0
sri
0
r (6.32)
 0r = (L
0
sr)
| is + (L
0
lr +Lm) i
0
r, (6.33)
and the mechanical equations of (6.7) are unchanged. A reference frame transformation may
be used to increase the computational tractability of the model for drive system analysis
by removing spatial dependencies found in (6.29). Section 6.3 develops a reference frame
transformation for the generalized PPM induction machine based on the concept of vector
space decomposition.
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6.3 Vector-Space Decomposition
Two-axis reference frame transformations common to three-phase systems have been gen-
eralized for arbitrary-sized polyphase machines with fixed pole counts [24, 63–65]. A math-
ematical transformation is used to convert machine variables from one reference frame to
another; the number of variables must therefore remain the same. Although the developed
model assumes a machine with ml electrical inputs, from an electromechanical energy con-
version perspective, an equivalent two-axis (two-dimensional) machine can be developed for
the fundamental flux component3 [66]. The remaining (ml-2) system dimensions provide
flexibility in the choice of reference frame transformation. Past implementations have used
the remaining degrees of freedom to control multiple series-connected machines with a single
inverter [63,67] and machines containing multiple air-gap flux harmonics [24]. In this work,
the remaining degrees of freedom are used to control machine dynamics associated with
multiple magnetic pole counts.
Machines with non-uniform magnetic circuits, such as salient-pole machines, exhibit mul-
tiple air-gap flux harmonics even if a sinusoidal stator winding distribution with a fixed
frequency and phase count excitation is assumed. In this case, the machine’s physical build
must be used to define the additional degrees of freedom in available reference frame transfor-
mations. If a non-salient machine is instead considered–as is done in this work–the existence
of non-fundamental air-gap harmonics is a direct result of the stator winding distribution.
Harmonics in the stator winding function (which were shown in Chapter 5 to allow for poten-
tial PPM operation modes) are thus included in a polyphase reference frame transformation
to decouple multiple operating modes in PPM machines.
6.3.1 Stationary Reference Frame (↵ )
Consider again the generalized PPM machine with ml balanced winding sets and n electron-
ically controlled pole count configurations. Machine variables may be recast to an alterna-
tive collection of energy conversion and non-energy conversion subspaces using an ml ⇥ml
3The fundamental flux component is assumed to exhibit a spatial distribution with a period equal to that
of the stator windings.
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transformation matrix4 [68]. Here, 2n orthogonal basis vectors represent electromechanical
energy conversion (two for each pole count configuration—one associated with ↵ and the
other with  ). If stator electrical variables are assumed to contain harmonics that excite
only the selected n pole and phase combinations, the remaining ml   2n basis vectors span
a non-electromechanical energy conversion subspace associated with zero vectors (z) [66].
Transformation vectors corresponding to each pole count operation must be determined.
Air-gap flux harmonics are only excited through harmonic voltage/current excitations, thus
a harmonic representation of stator excitations can be used to form a basis of the ml-
dimensional vector space [37]. A generic basis vector may take the form
v⌫(t) = [cos (⌫!t) cos (⌫(!t   )) . . . cos (⌫(!t  (ml   1) ))]|, (6.34)
where ⌫ is the harmonic order and   = 2⇡/ml. The free variables ⌫, !, and t may be used
to obtain all ml orthogonal vectors in the vector space.
The vectors ↵ and   associated with electromechanical energy conversion for the kth pole
count harmonic (pk = kpw) can be obtained by setting ⌫ = k in (6.34). If   is assumed
to lead ↵ by ⇡/2 electrical radians, then ↵k and  k are obtained by setting k!t = 0 and
k!t = ⇡/2, respectively:
↵k =
h
cos (0) cos (k )) . . . cos ((ml   1)k ))
i|
(6.35)
 k = [cos
 
⇡
2
 
cos
 
⇡
2   k 
 
. . . cos
 
⇡
2   (ml   1)k 
 
]|. (6.36)
Transformation vectors associated with the other n  1 pole counts can be similarly defined.
The resulting basis vectors collectively span a 2n-dimensional electromechanical energy con-
version subspace.
The remainingml 2n basis vectors correspond to zero vectors, and must be orthogonal to
the n planes associated with electromechanical energy conversion [68]. Mutual orthogonality
must be ensured for all basis vectors, and at least one zero vector is required for odd phase
4The three-phase equivalent of this transformation is commonly referred to as the ↵ 0, or Clarke, trans-
formation.
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counts, while two are required for even phase counts [64]. Two methods can be used to obtain
these vectors. The first is to use mathematical orthogonality relationships, where (ml   1)!
total equalities can be used to solve for the remaining zero vectors [66]. Alternatively, values
of ⌫ in (6.34) yielding zero sequence flux for all pole and phase excitations can be used.
Zero sequence components arise for a given basis vector when it is mutually orthogonal
to the subspace subscribed by a balanced machine variable. Under this condition, the inner
product of a zero sequence basis vector and a balanced machine variable must be zero for
all time. To ensure mutual orthogonality of all basis vectors over !t = [0, 2⇡], the inner
product of any two basis vectors i and j,
hvi(t),vj(t)i =
Z 2⇡/!
0
vi(t) · vj(t) dt, (6.37)
must be strictly zero for all i 6= j. To illustrate this, consider a machine with nine inverter
legs (ml = 9) designed for dual PPM operation: 2-pole/9-phase and 6-pole/3-phase. Here,
balanced 9-phase and 3-phase electrical waveforms lead to electromechanical energy conver-
sion and should therefore be transformed solely into their respective ↵–  planes. To ensure
proper transformation of balanced machine quantities into its respective ↵–  plane, the in-
ner product of each and every zero vector with a vector corresponding to balanced electrical
machine variables must be strictly zero for all time.
A stationary ml ⇥ml reference frame transformation K↵  can be defined using the basis
vectors
f↵  =K↵ fn. (6.38)
Here, f represents either voltage, current, or flux linkage, and the subscript n denotes the
natural (stationary) reference frame, and the transformation matrix is defined as
K↵  =
h
↵1  1 . . . ↵n  n z1 z2 . . . zml 2n
i|
. (6.39)
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Figure 6.1: Orientation of dq subspace.
6.3.2 Arbitrary Reference Frame (dq)
Transformation to a rotating reference frame can remove time varying characteristics of
many system variables, simplifying both the machine model and associated control strategy.
This is commonly referred to as a dq0 or the Park transform in three phase systems. In
this work, the d-axis is separated from the ↵-axis by an angular position   = !t, where ! is
the rotational velocity of the dq reference frame, and can be chosen arbitrarily. Figure 6.1
depicts the stationary ↵  reference frame and the rotating (dq) reference frame for one of
the n electromechanical energy conversion subspaces in a PPM machine.
When the angular separation between the ↵  and dq reference frames is known, a trans-
formation may be carried out to rotate a space vector in the ↵–  plane and cause it to be
stationary with respect to the d–q plane. If the two subspaces ↵  and dq are spanned by the
same basis vectors, all orthogonal zero planes remain unchanged. The generalized rotating
transformation is
fdq =Kdq↵ f↵ , (6.40)
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where Kdq↵  is partial block diagonal:
Kdq↵  =
26666666666666664
Kr,1 0 . . . 0 0 . . . 0
0 Kr,2 . . . 0 0 . . . 0
...
...
. . .
...
...
...
...
0 0 . . . Kr,n 0 . . . 0
0 0 . . . 0 1 . . . 0
...
...
...
...
...
. . .
...
0 0 . . . 0 0 . . . 1
37777777777777775
, (6.41)
with the kth 2⇥ 2 diagonal rotational matrix taking the form
Kr,k =
24 cos ( k) sin ( k)
  sin ( k) cos ( k)
35 . (6.42)
Here,  k is the angle (in electrical radians) separating the d-axis from the ↵-axis for the kth
pole count harmonic.
Di↵erent values of  k are needed to transform the stator and rotor variables, as the stator
and rotor ↵–  planes are not always concurrently aligned. For a reference frame rotating
at a mechanical angular velocity !m, the fundamental d–q plane rotates at an electrical
angular velocity of !mpw/2. The d–q plane corresponding to the kth pole count, however,
rotates k-times as fast. Therefore, in addition to stator and rotor variables, distinctions in
the transformation of various pole count operations must also be made:
 s,k = k
pw
2
Z
!m dt (6.43)
 r,k = k
pw
2
Z
(!m   !rm) dt. (6.44)
Here, the subscripts ‘s’ and ‘r’ denote reference-frame position associated with the stator
and rotor, respectively.
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6.3.3 Reference Frame Model
A direct transformation from the machine variables in the stationary reference frame to an
arbitrary reference frame exists:
fdq =Kdq↵ K↵ fn =Kdqfn. (6.45)
Applying (6.45) to the referred stator and rotor voltage equations in (6.30) and (6.31) yields
vdq,s = Rsidq,s +Ks
d
dt
⇥
(Ks)
 1  dq,s
⇤
= Rsidq,s +
d
dt
[ dq,s] +Ks
d
dt
⇥
(Ks)
 1⇤ dq,s (6.46)
v0dq,r = R
0
ri
0
dq,r +Kr
d
dt
⇥
(Kr)
 1  0dq,r
⇤
= R0ri
0
dq,r +
d
dt
⇥
 0dq,r
⇤
+Kr
d
dt
⇥
(Kr)
 1⇤ 0dq,r (6.47)
for a magnetically linear system [8]. The arbitrary reference frame stator and rotor trans-
formation matrices Ks and Kr denote evaluations of Kdq according to (6.43) and (6.44),
respectively.
For a magnetically linear system, the transformed flux linkages in (6.46) and (6.47) take
the conventional form24 dq,s
 0dq,r
35 =
24 KsLs(Ks) 1 KsL0sr(Kr) 1
Kr (L0sr)
| (Ks) 1 KrL0r(Kr)
 1
3524idq,s
i0dq,r
35 . (6.48)
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Expansion of terms in (6.48) yield expressions for stator and rotor self-inductance matrices:
Ls,dq =KsLs(Ks)
 1 =KsLls(Ks) 1 +KsLm(Ks) 1
= Lls +
ml
2
26666666666666666664
lm(1) 0 . . . 0 0 0 . . . 0
0 lm(1) . . . 0 0 0 . . . 0
...
...
. . .
...
...
...
...
...
0 0 . . . lm(n) 0 0 . . . 0
0 0 . . . 0 lm(n) 0 . . . 0
0 0 . . . 0 0 0 . . . 0
...
...
...
...
...
...
. . .
...
0 0 . . . 0 0 0 . . . 0
37777777777777777775
,
(6.49)
and
L0r,dq =KrL
0
r(Kr)
 1 =KrL0lr(Kr)
 1 +KrLm(Kr) 1
= L0lr +
ml
2
26666666666666666664
lm(1) 0 . . . 0 0 0 . . . 0
0 lm(1) . . . 0 0 0 . . . 0
...
...
. . .
...
...
...
...
...
0 0 . . . lm(n) 0 0 . . . 0
0 0 . . . 0 lm(n) 0 . . . 0
0 0 . . . 0 0 0 . . . 0
...
...
...
...
...
...
. . .
...
0 0 . . . 0 0 0 . . . 0
37777777777777777775
,
(6.50)
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and a transformed rotor-to-stator coupling matrix:
L0sr,dq =KsL
0
sr(Kr)
 1
=
ml
2
26666666666666666664
lm(1) 0 . . . 0 0 0 . . . 0
0 lm(1) . . . 0 0 0 . . . 0
...
...
. . .
...
...
...
...
...
0 0 . . . lm(n) 0 0 . . . 0
0 0 . . . 0 lm(n) 0 . . . 0
0 0 . . . 0 0 0 . . . 0
...
...
...
...
...
...
. . .
...
0 0 . . . 0 0 0 . . . 0
37777777777777777775
.
(6.51)
Since lm(⌫) is only a function of machine geometry and stator winding topology, (6.49)-(6.51)
are all time invariant. The first 2n non-zero diagonal elements of each transformed induc-
tance matrix correspond to the magnetic coupling associated with the n di↵erent operating
modes. The remaining ml   2n diagonal zero terms correspond to non-electromechanical
energy conversion planes.
Substitution of (6.49)-(6.51) into (6.48) provided expanded expressions for the flux linkages
in the stator and rotor, which for the kth pole count harmonic become
 ds,k = llsids,k +Mk
 
ids,k + i
0
dr,k
 
 qs,k = llsiqs,k +Mk
 
iqs,k + i
0
qr,k
  (6.52)
and
 0dr,k = l
0
lr,ki
0
dr,k +Mk
 
ids,k + i
0
dr,k
 
 0qr,k = l
0
lr,ki
0
qr,k +Mk
 
iqs,k + i
0
qr,k
 
.
(6.53)
Here, a new coupling constant, Mk, is defined
Mk =
ml
2
lm(k), (6.54)
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Similarly, stator and rotor flux linkages associated with the jth zero component are
 zs,i = llsizs,j
 0zr,i = l
0
lr,ji
0
zr,j.
(6.55)
Using (6.52) and (6.53), equations (6.46) and (6.47) can be expanded to obtain stator
and rotor voltage equations in arbitrary reference frame variables [37]. There are two stator
voltage equations and two rotor voltage equations associated with the d–q plane for each
pole count harmonic. Resulting dq stator voltage components associated with the kth pole
count harmonic are
vds,k = rsids,k +
d ds,k
dt
  kpw
2
!m qs,k
vqs,k = rsiqs,k +
d qs,k
dt
+ k
pw
2
!m ds,k,
(6.56)
while the dq rotor voltage components are
v0dr,k = r
0
r,ki
0
dr,k +
d 0dr,k
dt
  kpw
2
(!m   !rm) 0qr,k
v0qr,k = r
0
r,ki
0
qr,k +
d 0qr,k
dt
+ k
pw
2
(!m   !rm) 0dr,k.
(6.57)
Using (6.55), the remaining ml  2n zero (non-electromechanical energy conversion) compo-
nents of the stator and rotor voltages take the form
vzs,j = rsizs,j +
d zs,j
dt
(6.58)
vzr,j = r
0
r,ji
0
zr,j +
d 0zr,j
dt
, (6.59)
where j = 1, 2, . . . ,ml   2n.
Stator leakage inductance and winding resistance is a↵ected only by hardware-defined pa-
rameters. As a result, rs and lls values in (6.52) and (6.56) are identical throughout all n elec-
tromechanical energy conversion planes and the ml  2n dimensional non-electromechanical
energy conversion subspace. Referred rotor parameters (r0r and l
0
lr), however, are functions of
both hardware- and software-defined parameters, and are potentially variable for all modes
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Figure 6.2: Arbitrary reference frame equivalent circuits corresponding to the (a) d-phase
and (b) q-phase of the kth pole count harmonic, and the (c) jth zero component.
of operation [48]. Consequently, referred rotor terms in (6.53) and (6.57) are separately
defined for each pole count harmonic.
Equations (6.56) and (6.57) show that when linear magnetics are assumed, there is no
mutual coupling between di↵erent pole count harmonics. A PPM machine with ml electrical
inputs and n operating modes can therefore be modeled as a collection of n separateml-phase
machines with di↵ering magnetic pole counts. As a result, a set of direct and quadrature
circuits shown in Figs. 6.2a and 6.2b exists for each of the n operating modes. Similarly, a
circuit shown Fig. 6.2c exists for each of the ml   2n zero-sequence components.
Electromagnetic torque production for PPM machines can be calculated using conven-
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tional methods. In terms of machine variables using a partial derivative of coenergy,
Te = i
|
s
@L0sr
@✓rm
i0r. (6.60)
A torque expression in terms of arbitrary reference frame variables can be obtained by
substituting appropriate reference frame transformations into (6.60):
Te =
 
K 1dq,sidq,s
 | @L0sr
@✓rm
K 1dq,ri
0
dq,r. (6.61)
Expansion of (6.61) yields an expression for total electromechanical torque that simplifies
to the superposition of torque due to all decoupled pole count configurations,
Te =
X
k
Te,k. (6.62)
Here Te,k is the torque resulting from the interaction of balanced currents and fluxes corre-
sponding to kpw magnetic poles, and is expressed as
Te,k = k
pw
2
Mk
 
iqs,ki
0
dr,k   ids,ki0qr,k
 
. (6.63)
As is true with traditional three-phase machines in reference frame variables, several alter-
nate expressions for (6.63) also exist:
Te,k = k
pw
2
 
 0qr,ki
0
dr,k    0dr,ki0qr,k
 
(6.64)
Te,k = k
pw
2
( ds,kiqs,k    qs,kids,k) . (6.65)
6.4 Example Systems
To demonstrate the applicability of the proposed dynamic PPM machine model, and the
decoupled pole count modeling capability, 9- and 15-input squirrel cage induction machines
are simulated using Matlab Simulink [69]. The 9-phase machine is capable of dual operation
with 2-pole/9-phase and 6-pole/3-phase configurations, while the 15-input model allows for
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2-pole/15-phase, 6-pole/5-phase, and 10-pole/3-phase operations.
6.4.1 9-Phase System
Consider the 2-pole machine previously modeled in Section 5.3. This arrangement, with
nine independently controlled inputs, is capable of dual 2-pole/9-phase and 6-pole/3-phase
operation (⌫ = 1, 3). According to Section 6.3, nine orthogonal transformation vectors are
needed, and are obtained using (6.34) with   = 2⇡/9. The vectors ↵1 and  1 correspond
to the fundamental flux component and electromechanical energy conversion plane (p =
pw = 2), and are obtained by setting ⌫ = 1 and !t = 0 and !t = ⇡/2 in (6.35) and (6.36),
respectively:
↵1 =
h
cos (0) cos ( ) . . . cos (7 ) cos (8 )
i
 1 =
h
sin (0) sin ( ) . . . sin (7 ) sin (8 )
i
.
(6.66)
Similarly, ↵3 and  3 correspond to 6-pole operation and are obtained by evaluating (6.34)
at 3!t = 0 and 3!t = ⇡/2:
↵3 =
h
cos (0) cos (3 ) . . . cos (21 ) cos (24 )
i
 3 =
h
sin (0) sin (3 ) . . . sin (21 ) sin (24 )
i
.
(6.67)
The five remaining basis vectors (z1, ...,z5) span a 5-dimensional non-electromechanical en-
ergy conversion subspace, and must be orthogonal to both the ↵1– 1 plane and ↵3– 3 plane.
Orthogonality relationships can be used to develop a set of equalities to solve for the re-
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maining zero vectors [66]:
↵|1 ·  1 = ↵|1 ·↵3 = ↵|1 ·  3 = ↵|1 · z1 = ↵|1 · z2 = ↵|1 · z3 = ↵|1 · z4 = ↵|1 · z5 = 0
 |1 ·↵3 =  |1 ·  3 =  |1 · z1 =  |1 · z2 =  |1 · z3 =  |1 · z4 =  |1 · z5 = 0
↵|3 ·  3 = ↵|3 · z1 = ↵|3 · z2 = ↵|3 · z3 = ↵|3 · z4 = ↵|3 · z5 = 0
 |3 · z1 =  |3 · z2 =  |3 · z3 =  |3 · z4 =  |3 · z5 = 0
z|1 · z2 = z|1 · z3 = z|1 · z4 = z|1 · z5 = 0
z|2 · z3 = z|2 · z4 = z|2 · z5 = 0
z|3 · z4 = z|3 · z5 = 0
z|4 · z5 = 0.
(6.68)
Setting ⌫ = 7, 11, 13, 18, 23 in (6.34) with !t = ⇡/4 alternatively provides a set of 9 linearly
independent vectors that can be orthogonalized. Using the latter method for zero vec-
tor determination, all nine mutually orthogonal vectors define a stationary reference frame
transformation matrix, which can be normalized to form
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Table 6.1: Equivalent circuit parameters with ml = 9.
p Rs [⌦] Lls [mH] Lm [mH] L0lr [mH] R
0
r [⌦]
2 0.76 4.06 271.21 12.11 1.55
6 0.76 4.06 28.31 6.58 0.69
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Figure 6.3: Free acceleration characteristics for (a) mechanical speed and (b) torque
vs. speed for 2-pole/9-phase and 6-pole/3-phase operations.
A dynamic PPM machine model in arbitrary-reference frame variables according to Sec-
tion 6.3.3 was constructed in Matlab Simulink. Machine parameters match those deter-
mined in Section 5.3, and are provided in Table 6.1. Motor and connected load inertia is
J=0.03 kg·m2, while excitation conditions correspond to Bts,1 = 3Bts,3 = 1.4 T.
Figure 6.3 provides unloaded free acceleration characteristics for mechanical speed and
torque under balanced excitation conditions. Appropriate low-slip steady-state speeds are
reached for each operating mode. Since magnetic saturation is avoided in 2-pole operation
through the reduction of air-gap flux density amplitude, as expected, 6-pole torque capa-
bility is considerably larger than in 2-pole operation. A comparison of steady-state and
free acceleration torque-speed characteristics is provided in Fig. 6.4. Steady-state torque
estimates closely track the average of transient torque during 2-pole operation. The ratio of
rotor leakage reactance to rotor resistance is much higher in 6-pole operation than in 2-pole
operation, causing 6-pole steady-state maximum torque to exceed observed values in the free
acceleration characteristics. As noted by Krause, this characteristic is often associated with
large horsepower machines [8].
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Figure 6.4: Comparison of steady-state and free acceleration torque-speed characteristics
for (a) 2-pole/9-phase and (b) 6-pole/3-phase operation.
Free acceleration characteristics for stator phase current in 2-pole/9-phase and 6-pole/3-
phase operating modes are provided in Figs. 6.5a and 6.5b, respectively. Appropriate
steady-state phase angle and magnitude for operating mode pair are shown in Figs. 6.5c
and 6.5d. An increase in low-slip current of roughly 8⇥ is exhibited between 6-pole and
2-pole operations, and matches estimates provided by the steady-state model in Fig. 5.8.
This increase in no-load current is a direct result of decreased impedance in the magnetizing
and referred rotor branches within high pole count configurations.
6.4.2 15-Phase
The previous example of a nine-leg inverter allowed for the consideration of two modes
of operation. A machine with three pole configurations can be used to demonstrate how
the developed model scales. When considering standard overlapping windings with strictly
odd space harmonics, the minimum number of inverter legs required for three pole count
harmonics occurs when ⌫ = [1, 3, 5]. If the minimum phase number is three, corresponding
to p = 5pw, then the minimum number of inverter legs is 15.
For a given slot count and phase number, the required number of balanced electrical phases
required for excitation of the kth pole count harmonic is
mk =
Qs
Ccskpw
. (6.70)
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Figure 6.5: Complete free acceleration stator phase currents characteristics in (a)
2-pole/9-phase and (b) 6-pole/3-phase operation, and steady-state (c) 2-pole/9-phase and
(d) 6-pole/3-phase phase currents.
When pw=2 and Qs = 30, Ccs = 1 allows for three pole count configurations using one stator
coil per independently controlled source. Under this condition, 2-pole/15-phase, 6-pole/5-
phase, and 10-pole/3-phase operations are available. Using vector-space decomposition, this
15-dimensional system can be recast into three 2D subspaces associated with electromechan-
ical energy conversation, and one nine-dimensional non-electromechanical energy conversion
subspace.
The ↵  vectors associated with 2-pole/6-pole/10-pole operations are obtained by evalu-
ating (6.34) with   = 2⇡/15 at ⌫=1, 3, and 5, respectively. The nine remaining zero vectors
(z1, ...,z9) must now be orthogonal to the ↵1– 1 plane, the ↵3– 3 plane, and the ↵5– 5 plane.
A total of 105 equalities can be used to ensure orthogonality among all basis vectors. An
acceptable set of zero vectors can also be obtained using ⌫ = 7, 11, 13, 17, 23, 21, 24, 26, 30.
The resulting transformation matrix takes a form similar to (6.41) with three non-zero block
diagonal matrices. A representative 15⇥ 15 orthonormal transformation matrix is provided
in (6.71).
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Table 6.2: Equivalent circuit parameters for Qs = 30, pw = 2, and ml = 15.
p Rs [⌦] Lls [mH] Lm [mH] L0lr [mH] R
0
r [⌦]
2 0.39 1.20 92.13 4.90 0.75
6 0.39 1.20 10.24 1.71 0.40
10 0.39 1.20 3.79 1.66 0.37
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Figure 6.6: Free acceleration characteristics for (a) mechanical speed and (b) torque
vs. speed for 2-pole/15-phase, 6-pole/5-phase operations, and 10-pole/3-phase operations.
Free acceleration speed and torque characteristics for the 15-phase PPM machine, with
parameters listed in Table 6.2, is provided in Fig. 6.6. As discussed in Section 5.4.3, the
incremental increase in peak-torque capability is seen to fall with increasing pole count,
and is a direct result of a sharp decrease in high-order winding factors. Associated steady-
state phase currents for each operating mode are shown in Fig. 6.7, where increased torque
capability in high pole count operation is again seen to require increased phase current
magnitudes.
Figure 6.8 validates the model’s pole count decoupling, and shows transformed stator
currents for balanced 6-pole/5-phase voltage excitation with a stationary reference frame
( k=0). Figure 6.8a shows that dq currents corresponding to 6-pole operation (ids,3 and
iqs,3) are quadrature sinusoidal waveforms with non-zero amplitude. Additionally, all other
current components (ids,1, iqs,1, ids,5, iqs,5, izs,1, . . . , izs,9) are displayed in Fig. 6.8b, and
are strictly zero for all time. The choice of reference frame transformation is thus seen
to successfully decouple all available pole count configurations, and allows a single PPM
machine to be modeled as n separate ml phase machines with di↵erent pole counts.
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Figure 6.7: Steady-state phase currents for (a) 2-pole/15-phase, (b) 6-pole/5-phase, and (c)
10-pole/3-phase operations.
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Figure 6.8: Simulated (a) ids,3 and iqs,3 and (b) remaining 13 stator current components
under balanced 6-pole/5-phase excitation.
6.5 FEA Validation
An 18-coil 2D transient finite element model is used to validate the presented dynamic
PPM induction machine model. Finite element model geometry and winding information
is identical to that used in Section 5.3. The model has been shown to provide steady-state
performance metrics that align with the circuit parameters provided in Table 6.1. Using
the same excitation profile as was used to obtain the results in Section 6.4.1, Figs. 6.9 and
6.10 compare free acceleration model estimates to FEA results for 2-pole/9phase and 6-
pole/3phase operations, respectively. A time-step of 2.5⇥ 10 4 s, an electrical frequency of
60 Hz, and a rotational inertia of 0.003 kg·m2 are used to verify proper machine operation
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Figure 6.9: Comparison of FEA and model free acceleration characteristics for (a)
mechanical speed, (b) torque, (c) phase 1 current, and (d) phase 1 current at steady-state
for 2-pole/9-phase operation.
without resulting in an exceedingly large computational burden.
Although a hard line-start is not a realistic operating scenario for a PPM machine (which
must be fed by a power electronics-based source), it can be used to evaluate the model’s
115
0 0.1 0.2 0.3 0.4 0.50
200
400
600
800
1000
1200
1400
Time [s]
Sp
ee
d 
[R
PM
]
 
 
Model FEA
(a)
0 0.1 0.2 0.3 0.4 0.5−5
0
5
10
15
Time [s]
To
rq
ue
 [N
m]
 
 
Model FEA
(b)
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5−20
−10
0
10
20
Time [s]
I 1
 
[A
]
 
 
Model FEA
(c)
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1−6
−4
−2
0
2
4
6
Time [s]
I 1
 
[A
]
 
 
Model FEA
(d)
Figure 6.10: Comparison of FEA and model free acceleration characteristics for (a)
mechanical speed, (b) torque, (c) phase 1 current, and (d) phase 1 current at steady-state
for 2-pole/9-phase operation.
e↵ectiveness in capturing machine phenomena. Estimates are seen to closely match finite
element results in 2-pole/9-phase operation, resulting in a steady-state current magnitude
error of 9%. Six-pole finite element results exhibit a more damped response when compared
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to the proposed model, especially in high-slip regions. Due to the shortening of the pole
arc in high pole count configurations, slotting e↵ects and other variations in the machine’s
magnetic permeance can have an increased e↵ect. Overall, the total response aligns well
with model estimates, and provides steady-state line current magnitude error of 2%.
In view of the strong agreement between results obtained from the proposed model and
2D FEA, model accuracy is considered to be su cient to adequately capture first-order ma-
chine interactions for control purposes. Due to the familiar reference frame circuit existing
for each pole count harmonic, conventional induction machine control techniques can be sep-
arately applied to each decoupled machine. This decoupled model characteristic is utilized in
Section 6.6 to study online transitions between two di↵erent PPM pole count configurations.
6.6 Online Pole Changing
Chapters 4 and 5 described electronic pole changing by means of pole-phase modulation, and
presented a methodology to predict steady-state performance capabilities in multiple oper-
ating modes for a given machine arrangement. Chapter 6 has thus far presented a generic
framework for the dynamic modeling of PPM induction machines using multi-dimensional
vector-space decomposition. Although all operating modes share the same physical build
and winding structure, complete decoupling between electrical and magnetic dynamics of
di↵erent pole and phase operating modes can be attained when the PPM machine is ap-
propriately transformed to an arbitrary reference frame. An individual and independent
reference frame circuit (shown in Fig. 6.2) is used to describe machine dynamics in each of
the n available pole and phase operations.
An advantage of PPM machines is that multiple pole counts can be excited without any
physical change to the machine. This characteristic may be beneficial in variable speed or
highly dynamic operations, where a transition between two di↵erent pole count configura-
tions can be used to extend machine capability. The idea of pole count “switch points” was
introduced in Section 5.5 as the location (in terms of time, speed, etc.) of a pole transition.
The buildup and decay of flux associated with di↵erent magnetic pole counts is inevitable
during a pole count transitions, and is governed by respective time constants. Without direct
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control of electrical rotor inputs in squirrel cage machines, rotor flux transients can lead to
electrical, mechanical torque and speed transients.
A 4-pole/9-pole 9-lead machine designed for an automotive integrated starter/generator
application was presented by Miller et al. [34]. Vector control was separately applied to motor
and generator operations, and a de-energized changeover between operating modes was used.
Because the pole count transition was carried out when the machine was disconnected from
the supply, conventional control techniques were applied individually to each configuration.
In applications where constant torque is required, this type of simple switchover is not useful.
To overcome this problem, simultaneous dual vector control of a 3-phase electronic pole-
changing induction machine was proposed by Osama and Lipo for the continuous production
of torque during pole count transitions [10]. A similar technique has since been applied to
PPM machines, where linear variations in torque and flux commands were used to provide
a smooth pole change transition. Pre-fluxing was used to reduce electrical and mechanical
transients; however, due to the linear machine model, magnetic saturation and transients
were ignored.
In an e↵ort to provide a comprehensive analysis of online pole count transitions, imple-
mentations utilizing both scalar and vector control strategies are applied to the developed
PPM machine model in this section. Electrical, mechanical, and magnetic transients are con-
sidered for scalar control in Section 6.6.1 and vector control in Section 6.6.2. The nine-input
machine with parameters listed in Table 5.2 (and allowing for 2-pole/9-phase and 6-pole/3-
phase configurations) is modeled. Results obtained for this system can be considered to be
general in nature, and can be applied to any transition between two di↵erent pole counts
regardless of the total number of operating modes.
6.6.1 Scalar Control
A PI-regulated speed controller can provide a simple and inexpensive motor drive strategy
for applications without stringent dynamic performance requirements. Figure 6.11 provides
a block diagram of one possible control implementation when applied to a PPMmachine with
dual 2-pole/6-pole operation. Here, two separate speed controllers (one for each operating
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Figure 6.11: Dual PI-regulated speed controller for electronic pole-changing machine.
Figure 6.12: Speed control block.
mode) are used to provide two di↵erent stator excitation commands. A “pole selection”
decision block uses measured machine speed to determine appropriate PPM operating mode,
and provides a commanded stator flux linkage for each speed controller. The speed controller
uses the commanded and current machine speeds, along with commanded stator flux linkage,
to provide stator voltage amplitude and frequency commands.
Details of the speed controller block are provided in Fig. 6.12. Mechanical speed is fed
through a low-pass filter (LPF) before being subtracted from control’s speed command (!⇤rm).
This speed error is passed through a proportional-integral (PI) controller with output sat-
uration to provide an electrical slip frequency command. Slip frequency is added to the
mechanical speed to provide an electrical frequency command (!⇤e,⌫) and is multiplied by
stator flux linkage to obtain a stator voltage amplitude command (v⇤s,⌫).
The most obvious, and crude, pole changing scheme involves a step transition where
commanded stator flux linkages follow Fig. 6.13. Here, it is assumed that 6-pole/3-phase
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Figure 6.13: Stator flux linkage commands for 6-pole to 2-pole step transition.
operation is utilized until time t0. At time t0 a hard switch is made to 2-pole/9-phase
operation, and  ⇤s,3 from to zero at time t0 as  
⇤
s,1 becomes non-zero. Figure 6.14 shows
simulation results for a step transition at t0 = 1.5 s with J=0.03 kg·m2, 1 Nm load torque,
and a speed command of 1000 RPM. Current profiles for the pole-change transition are
provided in Fig. 6.15.
Machine speed is seen to drop to 955 RPM before recovering to track the speed command in
200 ms. Figure 6.14b shows the generation of a large negative transient in electromagnetic
torque shortly after the pole transition is initiated. This large opposing torque has two
distinct origins. The first is the interaction of 2-pole stator currents with remnant 6-pole air-
gap flux density [31]. The second, and more dominating source, is related to the temporary
existence of decaying 6-pole/3-phase currents in the stator winding. The stator winding of
the PPM machine is shared by both 2-pole and 6-pole operations. It is therefore not feasible
to open-circuit the 6-pole winding without also open-circuiting the 2-pole winding. The
removal of 6-pole excitation at the transition point was therefore modeled as a short circuit
rather than an open circuit. As a result, at time t = 1.5 s a non-zero stator back-emf is seen
to induce large negative stator currents, which in turn produces negative torque until the
6-pole flux has su ciently decayed.
Rotor flux linkage profiles are provided in Fig. 6.14c, and show that 6-pole rotor flux
decays according to its associated rotor time constant (⌧r,3 = 50.6 ms) while the build-up of
2-pole flux is oscillatory due to the PI controller and the reduced torque capability of 2-pole
operation. Large 2-pole inrush currents are required at t = 1.5 s due to the sudden removal
of 6-pole excitation, and can be seen through the large transient in Fig. 6.15a.
Figure 6.14d shows the evolution of a performance metric called the “saturation indicator,”
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Figure 6.14: Simulation results for scalar step transition at 1.5 s: (a) mechanical speed, (b)
torque, and (c) rotor flux linkage, and (d) the saturation indicator.
which estimates the overall level of machine saturation compared to its rated values. As
shown in (4.10), air-gap flux linkage magnitude for the ⌫th pole harmonic is
 ˆm,⌫ / kw,⌫
⌫pw
Bˆ ,⌫ . (6.72)
Assume now that the stator and rotor laminations are designed for ⌫0pw operation, where ⌫0
is the largest operational pole count harmonic. Under this condition, saturation along the
air-gap is most likely to occur in ⌫ = ⌫0 operation, and can be monitored using  ˆm,⌫0 . For
all pole count harmonics where ⌫ 6= ⌫0, saturation is more likely to occur in the stator and
rotor core. A normalized flux linkage term, ⇣⌫ , is introduced in order to augment  ˆm,⌫ so
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Figure 6.15: (a) All phase currents and (b) phase 3 line current for scalar step transition at
1.5 s.
Figure 6.16: Calculation of saturation indicator, ⇣sat.
that it can be used to monitor machine-wide saturation:
⇣⌫ =  ˆm,⌫
kw,⌫0
kw,⌫
/
✓
kw,⌫
⌫pw
Bˆ ,⌫0
⌫
⌫0
◆
kw,⌫0
kw,⌫
=  ˆm,⌫0 .
(6.73)
From (6.73), a pole count harmonic’s air-gap flux linkage can be normalized to the ⌫th0
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Figure 6.17: Stator flux linkage commands for 6-pole to 2-pole step transition.
harmonic by multiplying by the winding factor ratio kw,⌫0/kw,⌫ . The sum of all |⇣⌫ | terms
(⇣sat) can therefore be used to provide a per-unit indication of the total machine saturation,
and is defined to be the saturation indicator. A block diagram for ⇣sat calculation using
rotor flux linkage for a generalized PPM machine with n operational modes is provided in
Fig. 6.16. Figure 6.14d displays values of ⇣sat normalized to rated flux density levels in 6-pole
operation, and is able to exhibit that machine saturation occurs during a step pole change
transition.
The amplitude of electrical and mechanical transients during a step transition in magnetic
pole count can be significantly reduced by introducing a “dead time” in the stator’s electrical
circuit. As shown in Fig. 6.17, a dead time–where the stator’s electrical circuit is open
circuited–is enforced during the transition from 6-pole to 2-pole operations. Without any
stator excitation during this dead time period, machine torque drops to zero as 6-pole flux
decays in the rotor circuit. Results corresponding to a 120 ms dead time beginning at
t = 1.5 s are provided in Figs. 6.18. Mechanical speed and rotor flux linkage are both
seen to appropriately decay during the transition period. Once the open circuit is removed
and a 2-pole/9-phase excitation is applied to the stator terminals at t = 1.6 s, dynamics
similar to Fig. 6.14 are exhibited. Corresponding stator currents are provided in Fig. 6.19.
When compared to simulation results obtained using a direct step transition, by utilizing
the rotational inertia of the machine and load during the dead time period, the transient in
electromagnetic torque was reduced by nearly 95% while peak stator current amplitudes fell
by 53%.
In an e↵ort to further minimize electrical, magnetic, and mechanical transients during
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Figure 6.18: Simulation results for a scalar step transition at 1.5 s followed by a 120 ms
dead time: (a) mechanical speed, (b) torque, and (c) rotor flux linkage, and (d) the
saturation indicator.
pole-transitions, a simple linear variation in flux commands can be used. A depiction of
this ramp transition scheme is provided in Fig. 6.20. As 6-pole stator flux linkage is linearly
varied from 100%-0% between times t0 and t1, 2-pole flux is correspondingly increased from
and 0%-100%. Figure 6.21 provides simulation results for a transition period of 500 ms,
which is nearly three times larger than the 2-pole rotor time constant (⌧r,1 = 183.4 ms). The
pole-transition is again initiated at t = 1.5 s, a speed command of 1000 RPM, and a 1 Nm
load torque. Current profiles are provided in Fig. 6.15.
Comparison of Figs. 6.14 and 6.21 and Figs. 6.15 and 6.22 (and adjusting for di↵erences
in scales) show that a pole count overlap region provides a smoother transition between
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Figure 6.19: (a) All phase currents and (b) phase 1 line current for a scalar step transition
at 1.5 s followed by a 120 ms dead time.
Figure 6.20: Stator flux linkage commands for 6-pole to 2-pole ramp transition.
two di↵erent operating modes. Although the time of interaction between air-gap fields and
currents of di↵erent pole counts is increased during a ramp transition, the magnitude of
all resulting transients is reduced. Speed regulation capability of the ramp transition was
a 45% improvement over an instantaneous switchover, and resulted in no negative torque
transients.
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Figure 6.21: Simulation results for a scalar-controlled 500 ms ramp-transition beginning at
1.5 s: (a) mechanical speed, (b) torque, and (c) rotor flux linkage, and (d) the saturation
indicator.
6.6.2 Vector Control
The transients exhibited throughout pole transitions in Section 6.6.1 can be minimized by
controlling both stator current distributions and air-gap magnetic field distributions [31].
Both of these quantities can be controlled using field-oriented control (FOC), and can provide
improved dynamic performance during online pole count transitions. In FOC, the control
of air-gap fields and electromagnetic torque are fully decoupled, allowing the stator current
to be decomposed into two components: a flux-producing component (ids), and a torque-
producing component (iqs). The principle of rotor flux orientation is to orient the d-axis
of the arbitrary reference frame with the rotor flux vector  r. This selection of reference
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Figure 6.22: (a) All phase currents and (b) phase 3 line current for scalar 500 ms
ramp-transition beginning at 1.5 s.
axes causes  qr = 0 for all time while idr = 0 is ensured to keep rotor flux and current axes
perpendicular [8]. Due to the existence of pole count decoupling, as was shown in Section 6.3,
each pole count operation can be independently controlled using FOC. This provides a
method to seamlessly shift from one pole count to another with minimum transients in
stator current, magnetic loading, torque, and mechanical speed.
Implementation of direct FOC (DFOC) with a current-controlled VSI for a machine with
dual 2-pole/9-phase and 6-pole/3-phase operation is provided in Fig. 6.23. Here, the refer-
ence frame transformations introduced in Section 6.3 are used. Although the present imple-
mentation assumes stator flux linkage measurements come from air-gap Hall-e↵ect sensors,
conventional indirect (IFOC) methods that do not require flux linkage sensing can also be
used [8]. Details of a vector control block for the ⌫th pole count harmonic is provided in
Fig. 6.24.
For the ⌫th pole count harmonic, the stator and rotor self-inductance (Ls,⌫ and Lr,⌫ ,
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Figure 6.23: Dual vector controller for electronic pole-changing machine.
Figure 6.24: Generic vector controller for the ⌫th pole count harmonic.
respectively) are
Ls,⌫ = lls,⌫ +M⌫ Lr,⌫ = l
0
lr,⌫ +M⌫ , (6.74)
while a total leakage factor can be defined as:
 ⌫ = 1  M⌫
Ls,⌫Lr,⌫
. (6.75)
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Substitution of (6.74) and (6.75) into (6.52) and (6.53) yields:
 0dr,⌫ =
Lr,⌫
M⌫
( ds,⌫    kLs,⌫ids,⌫)
 0qr,⌫ =
Lr,⌫
M⌫
( qs,⌫    kLs,⌫iqs,⌫) .
(6.76)
In the synchronous reference frame, (6.76) can be used to obtain estimates of the magnitude
and phase of the rotor flux linkage vector using stator current and flux linkage feedback:5
 r,⌫ =  dr,⌫ + j qr,⌫ =  ˆr,⌫\⇢e⌫ . (6.77)
If a transformation of dq variables is now carried out where  ⌫ = ⇢e⌫ in (6.42), then  
0
qr,k = 0
and torque of electrical origin for the kth pole count becomes
T 0e,⌫ = ⌫
pw
2
M⌫
Lr,⌫
 dr,⌫iqs,⌫ . (6.78)
Since d-axis rotor currents are also zero in FOC, rotor flux density can be controlled using
ids,⌫ , from (6.78), and for a given flux loading, torque can be controlled using iqs,⌫ . As shown
in Figs. 6.23 and 6.24, the outputs of the rotor flux and speed PI regulators are multiplied
by a pole selection variable ⌫ to appropriately scale d- and q-axis stator current commands.
A reference frame transformation is carried out to obtain stator current commands in the
natural (laboratory) reference frame. These values are then fed into a current-controlled
VSI (simulation uses hysteresis comparators) to determine appropriate machine voltage ex-
citations.
Simulations for an instantaneous vector-controlled pole-transition, with command profiles
corresponding to Fig. 6.25, are provided in Fig. 6.26. The 6-pole to 2-pole changeover is
again initiated at t0 = 1.5 s, a commanded speed of 1000 RPM, and load torque of 1 Nm.
5The prime is omitted from the rotor flux linkage terms in (6.77) for notational simplicity.
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Figure 6.25: Stator current commands for a 6-pole to 2-pole vector-controlled step
transition.
The pole selection constants in this scenario are such that 1 + 3 = 1 and
3 =
8><>:1 t  t0,0 t > t0. (6.79)
Results closely resemble the response seen in Fig. 6.14, but with a decrease in transient
magnitude. Due to direct control over rotor flux, Fig. 6.26c shows improved build-up of 2-pole
flux when a step transition is imposed. Interaction of current and flux density distributions of
di↵erent pole counts again produce negative torque, as the magnitudes of both are substantial
at t = t0. When moderate current hysteresis control bands are used, current transients during
pole transitions can be greatly reduced, as shown in Fig. 6.27.
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Figure 6.26: Simulation results for FOC step-transition at 1.5 s: (a) mechanical speed, (b)
torque, and (c) rotor flux linkage, and (d) the saturation indicator.
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Figure 6.27: (a) All phase currents and (b) phase 3 line current for FOC step-transition at
1.5 s.
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Figure 6.28: Stator current commands for a 6-pole to 2-pole vector-controlled ramp
transition.
The final pole-transition scheme considered in this work is the vector-controlled ramp
transition, which imposes machine commands that follow Fig. 6.28. The pole selection
constants 1 and 3 are linearly varied within the range t = [t0, t1] through
3 =
8>>>>><>>>>>:
1 t  t0,
1 
✓
t  t0
t1   t0
◆
t0 < t  t1,
0 t > t1,
(6.80)
to obtain the command curves shown in Fig. 6.28. Simulation results under the same operat-
ing conditions (1000 RPM and 1 Nm load) with a 500 ms pole overlap region are presented in
Fig. 6.29. As expected, vector-controlled ramp transitions are seen to provide the smoothest
ramp transition of all techniques considered. Tight regulation on speed and rotor flux link-
age yields minimal speed and torque spikes without surpassing peak magnetic loading in the
machine.
Analysis of Fig. 6.29d shows that although there are pulsations in the saturation index, ⇣sat
never surpasses 1.0 p.u. throughout the entire pole-transition region. These flux pulsations
are due to the fact that 2-pole and 6-pole rotor flux linkage magnitudes are controlled via
ids,1 and ids,3, respectively, and 1 + 3 = 1 for all time. Since both 2-pole and 6-pole rotor
flux linkages are non-zero during the 500 ms transition period–yet the angle of 6-pole flux
varies three times as fast as the 2-pole flux–the magnitude of the vector summation of the
two di↵erent flux distributions oscillates.
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Figure 6.29: Simulation results for FOC 500 ms ramp-transition beginning at 1.5 s: (a)
mechanical speed, (b) torque, and (c) rotor flux linkage, and (d) the saturation indicator.
At a speed of 1000 RPM, 2-pole and 6-pole flux waveforms complete 8.33 and 25 rev-
olutions in 500 ms, respectively. The di↵erence between these two electrical frequencies
(16.67 cycles/s) is therefore equal to the number of times the 6-pole flux vector passes the
2-pole flux vector during the 500 ms simulated transition time. The summation of 2-pole
and 6-pole flux waveforms are thus oscillatory during the pole transition, and exhibit 16.67
maxima and minima (constructive and destructive interference). This phenomenon is clearly
seen in Fig. 6.29d, where 16 distinct oscillations exist in the saturation factor between 1.5 s
and 2.0 s.
Since air-gap flux magnitude, not phase, is directly controlled for each PPM operating
mode, multiple out-of-phase flux distributions exist during pole transitions, causing machine
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Figure 6.30: (a) All phase currents and (b) phase 3 line current for FOC 500 ms
ramp-transition beginning at 1.5 s.
magnetic material to be under-utilized. When additional non-working order air-gap space
harmonics are considered, it is expected that the oscillations during pole-transition will
increase. The control of air-gap flux angle, as well as magnitude, is therefore encouraged
as a topic of future research in order to improve the dynamic performance of electronic
pole-changing PPM machines.
6.7 Conclusion
This chapter has presented a generic dynamic model for anml-phase PPM induction machine
with electronic pole changing. Harmonic winding factors were used to develop closed-form
expressions for all magnetic coupling terms. The additional degrees of freedom available in
polyphase vector space decomposition were used to develop an independent and decoupled
2D electromechanical energy conversion subspace for each of the n potential magnetic pole
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count configurations. This choice of reference frame transformation was shown to allow a
single ml-phase PPM machine with n di↵erent pole count operating modes to be e↵ectively
modeled as a set of n di↵erent ml-phase machines with varying magnetic pole counts. The
machines share a single set of stator windings and physical build, thus requiring identical sta-
tor resistance and leakage reactance terms for all machines. Magnetizing and referred rotor
parameters, however, are dependent upon software-defined parameters and are potentially
di↵erent for each machine.
Squirrel cage induction machines with 9 and 15 electrical inputs were modeled to illustrate
the development of arbitrary reference frame transformations with two and three electrome-
chanical energy conversion subspaces, respectively. Unloaded free acceleration dynamics
obtained using Matlab Simulink show that appropriate selection of reference frame transfor-
mations allow machine dynamics associated with multiple pole count configurations to be
appropriately captured. Results obtained using the proposed dynamic model were compared
to performance estimates obtained using 2D transient finite element analysis. Free acceler-
ation model estimates for 9-phase dual 2-pole/6-pole operation closely matched numerical
model estimates.
When expressed in terms of appropriate reference frame variables, two-axis variables asso-
ciated with each pole count configuration are completely decoupled. As a result, traditional
dq0 control techniques can be applied separately to each pole count. This machine charac-
teristic was exploited in Section 6.6, where scalar and vector control techniques for online
pole count transitions were studied. The performance of instantaneous and ramp pole tran-
sitions were investigated under each control technique. A PI-regulated speed controller with
constant voltz-per-hertz machine excitation was shown to provide a simple and reasonably
e↵ective method to transfer from one pole count operation to another. Field-oriented control
was used to decouple the control of rotor flux and torque, and was seen to provide superior
performance in terms of electrical, magnetic, and mechanical transients. A ramp transition
provided the smoothest switchover, regardless of control technique.
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CHAPTER 7
TOROIDALLY-WOUND INDUCTION MACHINE
TESTBED
7.1 Introduction
An experimental testbed with a toroidally wound caged induction machine has been created
to validate the theory presented in Chapters 5 and 6. An “o↵-the-shelf” machine has been
rewound with 36 individual toroidal stator coils, one for each stator slot. Decoupling of
coil ends and flexibility in coil interconnection allows the test machine to support a large
number of pole and phase operating modes. In addition to the original 2-pole/3-phase
operation the machine was designed for, the unique coil construction supports 2, 4, 6, and
12-pole operations with anywhere from 3 to 36 electrical inputs. A 9-phase MOSFET-based
inverter was designed and built in order to use the testbed to examine dual 2-pole/6-pole
operation.
Details of the electrical and mechanical design and construction of the test machine are
provided in Section 7.2. Operation of the test machine using nine electrical inputs is de-
scribed in Section 7.3. Intricacies of machine operation in each pole-count, and the e↵ects of
the machine’s mechanical design on machine performance, are examined using 2D finite ele-
ment models. Measured steady state performance of the test machine under 2-pole/9-phase
and 6-pole/3-phase operation is provided in Section 7.4. Finite element model estimates
are compared to measurements and equivalent circuit models with parameters derived using
standard test procedures. Preliminary steady state results support the theoretical frame-
work developed in Chapter 5, and confirm electronic pole-changing operation by means of
PPM in the toroidal testbed. More precise numerical models are needed to improve the
correlation between simulations and experiments. Concluding remarks and suggestions for
future work are presented for Section 7.5.
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(a) (b)
(c)
Figure 7.1: (a) Original 5 hp induction machine and stator lamination stack, (b) a detailed
view of stator slots and original 2-pole lap windings, and (c) caged rotor structure.
7.2 Machine Design and Construction
An o↵-the-shelf 5 hp, 2-pole, 3-phase general purpose caged induction machine was re-
wound with toroidal stator coils. The original 9-lead, delta-connected motor (WEG model
# 00536OT3E182T) was an open drip-proof design housed in a NEMA 182T frame. Fig-
ure 7.1a shows the original motor with the stator lamination stack removed, while Fig. 7.1b
shows the original 2-pole lap windings. The 36-slot stator lamination was rewound with 36
toroidal coils–one per slot. All coil ends were taken out of the machine, resulting in a total
of 72 machine terminals. The 28-slot rotor, however, was left unchanged and is shown in
Fig. 7.1c. Lamination details are provided in Appendix C.
High temperature garrolite (G-11)1 was added to the top and bottom of the stator stack
once the frame and coils were removed. This material (green end-ring in Fig. 7.2) provides
a mechanical brace for the toroidal coil’s end turns, improves coil workability during hand
1NEMA G-11 is a high performance thermoset epoxy fiberglass composite with excellent mechanical and
electrical properties at elevated temperatures in excess of 300  C.
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Figure 7.2: Stator lamination with G-11 end caps and aluminum stando↵s.
winding, and provides excellent electrical isolation between the end windings and the lam-
ination. Since toroidal coils are wound with one coil side in a stator slot and the other on
the outside of the stator core, a traditional shrunk-fit frame is no longer suitable.
To mount the experimental machine, four 3/8 00 ⇥ 1/8 00 counterbores were made down
the length of the lamination stack to hold the aluminum stando↵s seen in Fig. 7.2. These
3/8 00 ⇥ 7/8 00 ⇥ 61/4 00 stando↵s support the lamination stack and allow the motor to be
mounted axially. Once attached firmly to the stator lamination, the stando↵s were then
attached directly to two end plates to provide proper stator/rotor alignment, mechanical
sti↵ness, and rotor bearing support. Details of the electrical winding design are provided
in Section 7.2.1, while additional information regarding machine assembly and construction
are supplied in Section 7.2.2.
7.2.1 Winding Design
Lamination and winding design are determined using two key parameters: electrical loading,
A, and magnetic loading, B. Electrical loading refers to the machine’s e↵ectiveness in re-
moving heat from the windings, while magnetic loading relates to limitations in lamination
material properties. Since the stator lamination in the prototype machine was predeter-
mined, and the new toroidal coil geometry di↵ers greatly from the original three-phase
winding, the dimensions of the existing lamination were used to dictate machine rewinding.
139
Figure 7.3: Definition of stator slot parameters.
A machine’s electric loading characteristic is defined as the linear current density around
the air-gap circumference, and is determined based upon thermal limitations [47]. Electrical
loading is equal to the total ampere-turns over the air-gap circumference:
A =
2mlCcsNcI 
⇡Dis
. (7.1)
Here, Dis is the inner stator diameter and I  is the rms amplitude of phase current. Elec-
trical loading is further limited by slot fill factor (Fslot), slot depth, and machine cooling
capabilities.2 A machine’s cooling capability restricts current density, J , which is related to
A through
J =
A⌧s
FslotAslot
=
A
Fslotds (1   s) , (7.2)
where Aslot is the total slot area and ds, ⌧s,  s are defined according to Fig. 7.3. Typical
rated values of J for totally enclosed designs (which exist in the experimental machine) are
on the order of 1.5-5 A/mm2 [47].
Stator and rotor tooth flux density levels must be limited to avoid saturation, otherwise
iron losses may become excessive. As shown in Chapter 5, the fundamental back-emf per
phase winding in a p-pole machine can be expressed in terms of stator tooth flux as:
V  = CcsNc!ekw
⇡DLe (1   s)p
2Qs sin
⇣
⇡p
2Qs
⌘Bˆts. (7.3)
Equation (7.3) shows that phase voltage is proportional to both tooth flux density and
2Fslot is the “gross” slot fill factor, and is defined to be the total copper area per slot divided by the total
slot area.
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(a) (b) (c)
Figure 7.4: (a) Partially wound prototype showing search coil locations, and fully wound
machine from the (b) drive end and (c) non-drive end.
the number of turns per coil. For a chosen winding topology and maximum tooth flux
density, the number of turns per coil, Nc, can be used to control phase voltage. However,
since the slot fill factor considers the total copper area per slot (and is a function of both
strand area and number of turns per coils) the number of turns per coil also directly a↵ects a
machine’s current loading through (7.2). Appropriate winding design must therefore consider
both desired voltage and allowable current operating conditions. Using this approach, the
prototype machine was designed such that each coil comprises 46 turns of 21 AWG wire
(REA Pulse Shield SD [70]) with two strands-in-hand. Evaluating (7.2) using the lamination
geometry of the experimental machine, an rms coil current of 3.69 A correlated to J =
4 A/mm2.
Figure 7.4a shows the stator with 10 out of 36 coils completed. Due to the toroidal winding
geometry, all coils were wound by hand before being varnished. Figures 7.4b and 7.4c show
the drive end (DE) and non-drive end (NDE) of the stator winding after it was wound,
baked, and lead wires added. In addition to the main windings, three 5-turn search coils
and four type-K thermocouples were added to the machine during the winding process. The
locations of these accessories are denoted in Fig. 7.5. The search coils were wound around
stator teeth 1, 4, and 10 to provide magnetic flux distribution estimates in the experimental
testbed. Thermocouples were placed in the NDE end winding of coils 6 and 24, the bottom
of slot 34 (between the coil and the slot liner), and the top of slot 15 (between the coil and
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Figure 7.5: Prototype lamination showing location of search coils and thermocouples.
the slot wedge).
7.2.2 Physical Build
The irregular winding arrangement of the prototype machine requires a unique stator frame
to be used. A system comprised of four stando↵s and two end plates was chosen. Due
to its favorable strength, weight, sti↵ness, and machining properties, the stando↵s seen in
Fig. 7.2 were constructed of solid aluminum. The location of these stando↵s, and their prox-
imity to the stator coils and lamination, cause them to experience variable levels of magnetic
field intensity during machine operation–hence inducing electrical voltages across these com-
ponents. If not properly managed, the high electrical conductivity of the solid aluminum
stando↵s could produce significant circulating currents and cause local demagnetization of
the stator core.
To address this issue, the stando↵s were electrically isolated at each end by means of
two 1 00 thick G-11 end plates. These plates provide mechanical sti↵ness and support for
the entire stator structure and force the induced voltage across the aluminum stando↵s to
142
Figure 7.6: Stator structure with stando↵s, G-11 end plates, and steel bearing cups.
produce eddy currents in the aluminum stando↵, not circulating currents in the end plates,
core, and frame. The final stator assembly is shown in Fig. 7.6, where the rotor has been
inserted and is supported by steel bearing cups mounted to each end plate. To provide
mechanical sti↵ness and ensure su cient axial alignment, the two end plates were mounted
to a 1/2 00 thick steel baseplate. Additionally, the lead wires for the main coils, search coils,
and thermocouples seen in Fig. 7.6 were fed through slits in the NDE end plate and connected
to a front panel to enable straightforward interconnection of the main stator coils. The final
machine arrangement, when enclosed in a plexiglass case, is shown in Fig. 7.7. The complete
axial build, including connection to a hysteresis dynamometer, is provided in Fig. 7.7a.
Figure 7.7b shows the front coil connection panel.
7.3 9-phase Excitation
As seen Fig. 7.7b, all 72 coil ends corresponding to the 36 toroidal stator coils are directly
accessible in the experimental testbed. As a result, all operational constraints common to
polyphase machines wound with conventional 3-phase distributed windings are eliminated.
Due to this design characteristic, if 36 independent electrical inputs were available, decou-
pled control of each stator slot excitation and utmost control over the machine’s magnetic
field distribution would become realizable. To provide a preliminary examination of elec-
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(a) (b)
Figure 7.7: Experimental testbed showing (a) complete axial build when connected to
dynamometer and (b) details of the front coil connection panel.
Figure 7.8: 9-phase MOSFET-based inverter.
tronic pole-changing characteristics in the toroidally-wound experimental testbed, a 9-phase
MOSFET-based inverter has been constructed. The inverter is comprised of three parallel-
connected 3-phase inverters, as shown in Fig. 7.8, and is controlled using a TMS320F28235
controller [71]. Additional details and specifications of the inverter are provided in Ap-
pendix C.
The stator lamination in the experimental machine is a 2-pole design, thus providing a rel-
atively large cross-sectional area in the stator and rotor core. As a result, both 2-pole/6-pole
and 4-pole/12-pole electronic pole-changing operations are adequately supported with the
aforementioned 9-phase inverter. Following the 2-pole/6-pole examples presented in Chap-
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+(a) (b)
Figure 7.9: (a) Block diagram and (b) physical connection for machine excitation using
nine parallel-connected half-bridge converters.
Figure 7.10: Coil notation for 36-slot experimental stator lamination with toroidal coils.
ters 4, 5, and 6, a 2-pole/6-pole PPM configuration is experimentally investigated herein. In
order to excite balanced 2-pole/9-phase and 6-pole/3-phase magnetic field distributions in
the experimental testbed, the toroidal coils are arranged according to Fig. 7.9a. The phase
diagram for 2-pole/9-phase and 6-pole/3-phase operation for the coil connection scheme is
identical to Fig. 4.8. Balanced 2-pole/9-phase operation exhibits an e↵ective phase belt of 2
stator slots (Ccs = q = 2). However, since at least two toroidal coils must always be excited
in a complementary fashion in toroidal winding topologies, four toroidal coils are connected
to each inverter leg. Physical testbed coil connections are shown in Fig. 7.9b for comparison.
Toroidal coil notation corresponds to Fig. 7.10.
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7.3.1 Finite Element Model
A 2D finite element model of the experimental machine testbed was developed; model ge-
ometry is shown in Fig. 7.11a. Eighteen toroidal coils are modeled in the symmetric model,
allowing the remaining 18 coils to be connected either in series or parallel. The toroidal
coil ends are marked by green regions while the aluminum stando↵s are denoted by red
regions. Unlike conventional inner-rotor electric machines, whose stator coils exist entirely
within inward-facing stator slots, 36 coil ends exist outside of the stator lamination in the
experimental machine. This design attribute gives rise to non-zero magnetic fields in the
space beyond the stator laminations. To properly account for this open-region electromag-
netic problem, where the fields are not necessarily confined within the stator lamination, a
bounding box with a diameter 1.9⇥ the stator outer diameter was incorporated in the finite
element model. The entire computation domain, with meshing, is shown in Fig. 7.11b. The
electrical circuit for 9-phase operation is provided in Fig. 7.11c, and is identical to that of a
conventional wye connected 9-phase machine. The stando↵s are modeled as open-circuited
electrically conducting regions due to the electrical properties of the machine end plates.
To understand how the toroidal induction machine can be used to examine the pole-phase
modulation concepts introduced in Chapters 4 and 5, it is useful to first study its operation
using the finite element model shown in Fig. 7.11. Steady state excitation parameters for
the toroidal machine under 2-pole/9-phase and 6-pole/3-phase excitation are provided in
Table 7.1. As discussed in Section 4.4, PPM operation according to Table 7.1 allows for
low-speed/high-torque operation in 6-pole mode and high-speed/low-torque in 2-pole mode
through the reduction of air-gap flux density during 2-pole operation. Although the 2-pole
lamination of the experimental machine does not require flux weakened operation during
2-pole mode, this operating strategy is considered in order to provide a comparison to the
developed electronic pole-changing framework.
Steady state flux density distributions under 2-pole/9-phase excitation at a slip of s = 0.03
are provided in Fig. 7.12. Due to the substantial containment of magnetic fields within the
stator structure, internal field distributions are presented in Fig. 7.12a while Fig. 7.12b
displays field distributions beyond the stator laminations; note the di↵erence in scale. The
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(a) (b)
(c)
Figure 7.11: (a) Geometrical model, (b) complete computation domain with meshing, and
(c) electrical circuit of a Flux2D model of the experimental machine under 9-phase
operation.
Table 7.1: FEA excitation parameters for experimental machine.
Parameter 2-pole 6-pole
fe [Hz] 40 40
V  [V] 23.91 23.33
toroidal coils are seen to properly develop a 2-pole flux distribution using a balanced 9-phase
source despite the existence of the conducting stando↵s. Localized asymmetry in the flux
density distribution in the stator back is evident near the four stando↵ locations. The e↵ect
of the conducting stando↵s, however, is minimal and exhibits external flux densities below
2 mT at a distance 40 mm from the stator’s outer surface and peak values reaching roughly
5 mT. The associated radial air-gap flux density distribution is displayed in Fig. 7.13. The
resulting waveform exhibits four primary harmonic components: the 2-pole fundamental,
side-bands due to stator slotting (35th and 37th harmonics), and side-bands due to rotor
slotting (27th and 29th harmonics) [6]. The dc component of air-gap flux density is negligible,
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(a) (b)
Figure 7.12: (a) Internal and (b) external magnetic flux distributions for 2-pole/9-phase
operation at s = 0.03 for the excitation listed in Table 7.1.
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Figure 7.13: (a) Radial component of air-gap flux density and (b) associated harmonic
spectrum for 2-pole/9-phase excitation at s = 0.03.
indicating balanced magnetic operation.
Similarly, steady state flux density distributions associated with balanced 6-pole/3-phase
operation at a slip of s = 0.03 are provided in Fig. 7.14. The radial component of air-gap
flux density, and its harmonic spectrum, are displayed in Fig. 7.15. The waveform is seen
to contain a negligible dc component, to be dominated by a 6-pole fundamental harmonic,
and to have sidebands associated with stator and rotor slotting. A decrease in the pole arc
length causes air-gap and tooth flux density levels to increase by over 2.5⇥ when compared
to 2-pole operation for same level of magnetic loading in the stator and rotor core. Due
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(a) (b)
Figure 7.14: (a) Internal and (b) external magnetic flux distributions for 6-pole/3-phase
operation at s = 0.03 for the excitation listed in Table 7.1.
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Figure 7.15: (a) Radial component of air-gap flux density and (b) associated harmonic
spectrum for 6-pole/3-phase excitation at s = 0.03.
to the low utilization of the 2-pole stator back, the e↵ect of the aluminum stando↵s on
the internal 6-pole flux density pattern is minimum. Decreased magnetizing inductance in
6-pole operation is seen to cause an increase in external magnetic flux density intensity, with
localized levels reaching 15 mT.
Plots of current density amplitude for low-slip 2-pole and 6-pole operations in the toroidal
testbed are provided in Fig. 7.16. Non-zero current densities are seen to exist within the
aluminum stando↵s, and exhibit values in the range of 550-670 mA/m2 and 425-925 mA/m2
for 2-pole and 6-pole operation, respectively. Examination of Fig. 7.16 suggests that the coil
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(a) (b)
Figure 7.16: Current density amplitude distribution for (a) 2-pole/9-phase and (b)
6-pole/3-phase operation at s = 0.03.
ends adjacent to the stando↵s exhibit a localized increase in current density. This, however,
is not the case. Since the current densities in the other coil-end associated with those
toroidal coils do not di↵er from the current densities within other coils that are not adjacent
to the stando↵s, the perceived increase is an artifact of model development. To account
for changes in coil area, specifically in the regions near the stando↵s, the fill factors of all
coil ends were adjusted to ensure uniform copper current loading throughout all coil ends.
However, since the total area of the coil end region is smaller, the plots in Fig. 7.16 show
an artificial increase in current density. Due to the minimal e↵ects the aluminum stando↵s
were seen to have on the internal magnetic field formation in both pole count operations,
the experimental testbed is considered to be appropriately designed to examine electronic
pole changing through PPM.
7.4 Open-Loop Experimental Results
To study the e↵ects of PPM on per-phase equivalent circuit machine parameters, standard
test procedures for polyphase induction machines were applied to the toroidally-wound ma-
chine in both 2-pole/9-phase and 6-pole/3-phase configurations [72]. A block diagram of
the experimental setup is provided in Fig. 7.17. The inverter was operated open-loop using
sinusoidal pulse width modulation (PWM). All equivalent circuit calculations were carried
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Figure 7.17: Experimental setup.
(a) (b)
Figure 7.18: Phase 1 (blue), phase 2 (teal), and phase 3 (pink) line current waveforms for
(a) 2-pole/9-phase and (b) 6-pole/3-phase operations.
out using averaged voltage and current measurements from phases 1-3, assuming a balanced
machine. Using the excitation parameters listed in Table 7.1, resulting no-load line current
waveforms are shown in Fig. 7.18 for both pole-count operations. The current waveforms
correspond to phases 1-3 in Fig. 7.9a, and exhibit approximate phase shifts of 40  in 2-
pole mode and 120  in 6-pole mode. An imbalance is seen to exist in the phase 3 current
waveform, the origins of which are thought to be caused by an imbalance in the machine’s
physical build.
Induced voltage waveforms in the search coils displayed in Fig. 7.5 are proportional to the
derivative of tooth flux linkage, and can be used to provide insight into the magnetic field
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(a) (b)
Figure 7.19: No-load phase 1 current (blue, bottom), tooth 4 search coil voltage (pink,
top), and tooth 10 search coil voltage (green, middle) during (a) 2-pole/9-phase and (b)
6-pole/3-phase operation.
distribution within the machine. Figures 7.19a and 7.19b show induced voltage waveforms
for search coils on teeth 4 and 10 during 2-pole and 6-pole operations, respectively.3 Due
to low magnetic loading in 2-pole operation, Fig. 7.19a was obtained using 1.5⇥ the air-gap
flux density in Fig. 7.18a (V   = 35.87 V and fe = 40 Hz).
The two search coils are physically separated by 60 mechanical degrees. Ideal induced
voltage waveforms should therefore exhibit an electrical phase shift of 60  and 180  in a 2-pole
and 6-pole configuration, respectively. The measured waveforms are consistent with theory
and exhibit a phase shift of 64.2  in 2-pole mode and 176.2  in 6-pole mode while varying
at a frequency equal to the electrical excitation frequency. Through this measurement,
electronic control of the magnetic pole-count of the experimental testbed has been confirmed.
Experimental analysis and characterization of 2-pole and 6-pole operating modes is provided
in Section 7.4.1.
3A moving-average filter has been applied to smooth the small induced voltage measurements and obtain
the fundamental harmonic.
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Table 7.2: Experimentally determined equivalent circuit parameters.
Parameter 2-pole/9-phase 6-pole/3-phase
Rs [⌦] 1.14 1.14
Lls [mH] 3.72 1.31
Lm [mH] 254.7 31.95
R0r [⌦] 1.10 0.764
L0lr [mH] 18.84 18.70
Table 7.3: Equivalent circuit parameter ratios between pole count operations.
Ratio Model Measured
Lls,1/Lls,3 1.0 2.84
Lm,1/Lm,3 9.58 7.97
R0r,1/R
0
r,3 2.24 1.44
L0lr,1/L
0
lr,3 1.84 1.0
7.4.1 Equivalent Circuit Tests
To characterize the experimental machine in 2-pole/9phase and 6-pole/3-phase operating
modes, standard no-load and locked-rotor tests were used to estimate per-phase equivalent
circuit parameters according to IEEE Standard 112 [72]. Analysis was performed for a range
of Lls/L0lr ratios. The resulting value was selected through the comparison of measured
and estimated torque vs. speed profiles. Calculated parameter values for each pole-count
operation are listed in Table 7.2.
Table 7.2 shows variation in all per-phase equivalent circuit model terms between 2-pole
and 6-pole operations except for the stator resistance. Although the analytical model pre-
sented in Chapter 5 was developed for conventional overlapping windings–and thus cannot
be used to accurately estimate stator leakage terms–prediction of variation in magnetizing
and referred rotor terms remains valid. Additionally, since the stator lamination design,
rotor design, and stator coil connections considered in Section 5.3 are identical to those
in the experimental machine, a direct comparison can be made. Table 7.3 compares mea-
sured parameter variation ratios to those obtained using the analytical model developed in
Chapter 5.
As predicted in Chapter 5, magnetizing and referred rotor parameter values change during
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electronic pole changing, and are a↵ected by both hardware- and software-defined parame-
ters. Discrepancies between measured and estimated parameter variations are a direct result
of assumptions made within the development of the analytical model. Stator leakage induc-
tance was assumed to be dominated by end-winding and slot leakage flux, and una↵ected
by machine pole-count. However, equivalent circuit test results suggest that stator leakage
may be highly dependent upon pole-count, and is most likely due to variation in di↵erential
leakage. Additionally, unwanted harmonic content in the voltage and current waveforms,
magnetic system imbalance during machine construction, and dependence of e↵ective air-
gap length with pole-count are all factors that may lead to erroneous estimation of the
per-phase equivalent circuit parameters. Further detailed analysis of the aforementioned
e↵ects is needed in order to provide a rigorous examination of the validity of the presented
steady state PPM model.
7.4.2 Steady State Performance Curves
Figure 7.20 provides a comparison of torque and average phase current profiles obtained
from 2D FEA and experimental measurements. All profiles correspond to the excitation
characteristics listed in Table 7.1. This excitation profile causes air-gap flux density in 6-
pole operation to be three times that of 2-pole operation, and therefore allows for a direct
comparison of the curves in Fig. 7.20 to the profiles presented in Section 5.3, which were
obtained for PPM in conventionally wound machines with overlapping stator coils. Addi-
tionally, Fig. 7.21 compares torque and average phase current measurements to estimates
obtained using analytical circuit models with the experimentally derived circuit parameters
listed in Table 7.2.
The torque and current profiles in Fig. 7.20 exhibit relationships similar to those obtained
for electronic pole changing in conventionally wound machines (Fig. 5.8). Strong agree-
ments between FEA estimates and experimental measurements exist in both 2-pole and
6-pole modes at low-slip operating points, further validating the electronic pole-changing ca-
pability of the experimental testbed. Friction and windage losses were ignored in the finite
element model, and can explain the o↵set between numerical estimates and experimental
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Figure 7.20: Comparison of FEA and measured (a) torque vs. speed, (b) torque vs. slip,
and (c) average line current vs. slip profiles for 2-pole and 6-pole operation for excitations
provided in Table 7.1.
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Figure 7.21: Comparison of measured and analytically fit (a) torque vs. slip and (b)
average line current vs. slip profiles for 2-pole and 6-pole operation for excitations provided
in Table 7.1.
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current measurements in Fig. 7.20c. As seen in Fig. 7.21, the experimentally derived an-
alytical model provides good torque and phase current estimates at low slip values, thus
supporting parameter value estimates listed in Table 7.1. The test machine’s equivalent
circuit parameters were determined assuming linear magnetics and fixed stator and rotor
resistances–causing the analytical model to only be valid at low slip values. As a result, sig-
nificant deviations between FEA and analytical torque and current estimates exist at large
slip values.
To understand the origins of the discrepancies between FEA estimates and experimental
measurements, fundamental model assumptions must be examined. First, skewing was not
considered in the developed 2D finite element model. As seen in Fig. 7.1c, however, rotor
conductors in the experimental machine are skewed by 1 stator slot, which can be modeled
through the introduction of an additional stator winding factor as noted in Appendix A. For
the experimental machine, introduction of a skewing winding factor has a negligible e↵ect on
fundamental 2-pole flux linkage, but reduces the fundamental component of 6-pole flux link-
age by nearly 2%. As a result, rotor skewing has more e↵ect on 6-pole torque capability than
it does on 2-pole torque capability. Additionally, since the stator and rotor laminations were
taken from an existing machine, detailed geometric and material information was unavail-
able. The test machine was also wound by hand, therefore providing numerous instances for
the introduction of error during the manufacturing process. As a result, it is important that
preliminary experimental results are used to validate the general performance relationships
of PPM operation until more detailed models are developed.
Measured electric machine e ciency and power factor vs. slip curves for 2-pole and 6-
pole operating modes are provided in Fig. 7.22. As predicted in Section 5.4.3, when 2-pole
windings are utilized for electronic pole changing with PPM, a drop in machine e ciency and
power factor exists in high pole-count operation. A comparison of Fig. 7.22 to Fig. 5.11 shows
that both measured e ciency and power factor profiles agree with the results obtained from
the PPM analytical model developed in Chapter 5. E ciency and power factor increase
as the magnetic utilization of the machine laminations improves. Since the experimental
testbed uses 2-pole stator and rotor laminations, due to low air-gap flux density levels
associated with the excitation listed in Table 7.1, poor magnetic utilization occurs during
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Figure 7.22: Measured and experimentally fit (a) machine e ciency vs. slip and (b) power
factor vs. slip profiles for 2-pole and 6-pole operation corresponding to the excitations
provided in Table 7.1.
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Figure 7.23: Measured and experimentally fit (a) machine e ciency vs. slip and (b) power
factor vs. slip profiles for 40 Hz, 2-pole operation at two di↵erent voltage levels.
2-pole mode. Figure 7.23 shows 2-pole e ciency and power factor vs. slip profiles for
two di↵erent magnetic loading conditions, and demonstrates how improved low pole count
operation can be attained when magnetic utilization is increased through higher magnetic
loading in the stator and rotor lamination, as would occur if 6-pole laminations were utilized.
7.5 Conclusion
An experimental testbed has been developed to examine the operational flexibility of high
inverter count induction machines. In this chapter, details of construction of the toroidally-
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wound induction machine have been provided, and results from steady state experiments to
study PPM with nine inverter inputs were presented. Electrical, mechanical, and magnetic
measurements were compared to 2D finite element model estimates and estimates obtained
using experimentally determined steady-state equivalent circuit models. Successful electronic
pole-changing operation was obtained; however, due to the discrepancy between measured
and FEA estimates in high pole-count operation, only general performance evaluations,
which support the presented theory, could be made. Several causes for the disagreements
between measurements and finite model estimates were given, prompting recommendations
for future work.
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CHAPTER 8
CONCLUSIONS AND FUTURE EXTENSIONS
8.1 Conclusions
This thesis has presented a rigorous examination of the electronic pole-changing capabilities
that exist in high inverter count induction machines.
Chapter 1 showed that despite significant advancements in the way polyphase induction
machines are excited, their stator winding structure has remained nearly unchanged over the
last century. Due to the arrangement of these conventional stator windings, the operational
flexibility available through inverter excitation was shown to be inherently limited during
machine construction. Advantages of windings with a larger number of electrical inputs were
introduced, and these included: improved torque density, bearingless motor operation, and
electronic pole-changing. The ability to control a machine’s magnetic pole count through
the manipulation of machine inputs, due to its applicability in highly dynamic applications
and the relatively small amount of past work dedicated to this topic, was chosen as the focus
of this work.
Chapter 2 demonstrated how particular stator winding designs can constrain the devel-
opment of arbitrary air-gap field distributions. Three winding designs with non-overlapping
coils and a large number of electrical inputs were considered. The ability of each winding
configuration to develop arbitrary air-gap fields was demonstrated by deriving coil currents
capable of matching the field produced by conventional two-layer, 3-phase, overlapping wind-
ing topologies. The toroidal stator coil was shown to e ciently provide the greatest amount
of air-gap magnetic field control, motivating its use in the experimental testbed studied later
in Chapter 7.
An overview of past work carried out on pole-changing induction machines was presented
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in Chapter 3. Techniques involving both physical and electronic winding reconfigurations
were considered. By controlling both a machine’s magnetic pole count and electrical phase
count, the concept of pole-phase modulation (PPM) was shown to provide the most unrestric-
tive electronic pole-changing capabilities. A survey of past work on pole-phase modulation
highlighted the need for the development of generalized steady state and dynamic models
for electronic pole changing machines, and motivated the contributions developed within
Chapters 5 and 6.
The implementation and operation of pole-phase modulation is described in detail in
Chapter 4. A 36-slot lamination was used to illustrate how available operating modes can
be determined for a given machine lamination, winding design, and inverter leg count. Oper-
ation of both 9 and 18 leg parallel-connected half-bridge converters was used to demonstrate
possible excitation arrangements for dual 2-pole/6-pole operation. To understand the high-
level performance capabilities of pole-phase modulation, and how each operating mode must
be operated, generalized expressions for air-gap voltage and magnetic loading were devel-
oped. A case study involving pole-phase modulation for a 6-pole machine lamination wound
with full-pitch 2-pole stator windings was considered. Results showed that increased dc bus
and magnetic core utilization was available across an extremely wide speed range, allowing
the machine to produce an estimated 9:1 constant power speed ratio.
Conventional steady state per-phase equivalent circuits, due to restrictions in phase and
pole count, were shown to be inadequate for electronic pole-changing machines. A model ap-
plicable for PPM machines was specifically developed in Chapter 5. Closed-form expressions
for all circuit parameters were determined using lamination, winding, and inverter control
variables. Because of the generic model formulation, the e↵ects of numerous electrical and
mechanical design decisions on overall system performance can be easily evaluated, and was
demonstrated on a 54-slot system with three modes of operation. The developed analytical
model was validated using a 2D finite element model for a 36-slot induction machine wound
with 18 full-pitch, 2-pole stator coils. Strong agreement in terms of both equivalent circuit
parameters estimates and machine performance curves was obtained, showing that despite
past assessments, magnetizing and referred rotor parameters vary among di↵erent pole and
phase operating modes. Finally, the model’s ability to develop multiple torque vs. speed
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profiles for a single machine and inverter is used to develop the concept of “switch points,”
or locations where online pole count transitions are initiated.
To understand how a PPM machine can transition between two di↵erent magnet pole
counts, an appropriate induction machine model is required. A suitable model was devel-
oped using the concept of harmonic winding functions and presented in Chapter 6. Similar to
the steady state model developed in Chapter 5, this model is capable of describing induction
machines with an arbitrary number of electrical inputs and available pole count operations.
Model performance was validated and supported using two-dimensional, transient finite el-
ement analysis. The additional degrees of freedom available in multiphase reference frame
transformations are utilized to refer the machine into arbitrary reference frame variables.
The transformation was shown to successfully remove all time-dependent machine parame-
ters and decouple dynamics associated with each pole count operation, allowing an m-phase
PPM machine with n pole and phase operating modes to be accurately modeled using n
decoupled balanced m-phase machines. Machine dynamics during a pole count transition
were studied when controlled using both scalar and vector techniques. Vector control with
ramp transition commands was shown to provide the smoothest transition. The control of
air-gap flux angle, as well as magnitude, was presented as a fruitful topic of future research
to improve the dynamic performance of electronic pole-changing machines.
Finally, Chapter 7 presented the design, construction, and testing of a toroidally-wound
induction machine testbed. The final design utilized 36 individual stator coils, supporting
operation with 13 di↵erent excitation configurations. Finite element and experimental steady
state results were obtained when the machine coils were connected in a 2-pole/9-phase ar-
rangement, allowing for dual 2-pole/6-phase operation. The experimental testbed was shown
to successfully generate flux patterns corresponding to multiple pole counts, and to develop
multiple torque vs. speed relationships from a single machine and winding set. Measured
performance relationships and equivalent circuit parameter values obtained for the two pole
count operations followed closely with analytical and numerical model estimates. Reasons
were given for the observed discrepancies between measured values and model estimates,
providing suggestions for future model improvements.
It is hoped that this thesis has provided a suitable framework for future studies into high
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inverter count electric machines. The feasibility of such machines and drives has increased
dramatically in recent years, and they have the potential to pose dramatically new and
di↵erent solutions to many challenging problems faced in electric machine applications.
8.2 Future Extensions
Although the induction machine has been studied for over a century, examinations of high
phase count machines, and the operational possibilities that become available, are in their
infancy. As a result, many areas touched upon throughout this work are open to improvement
and/or extension. The steady-state equivalent circuit model developed in Chapter 5, for
instance, can be improved upon by utilizing higher fidelity parameter expressions. This
can be done in many ways. Examples include the incorporation of frequency-dependent
stator and rotor resistance terms, including di↵erential and skew leakage components into
the calculation of stator leakage induction, and allowing e↵ective air-gap length to become
dependent upon pole count through a “flux divergence factor.”
In addition to the methods introduced in Chapter 6, other pole-count transition schemes
are possible, and can be investigated using the developed dynamic model. The saturation
indicator was able to show that oscillations in magnetic loading occur when flux waveforms
corresponding to two di↵erent pole counts simultaneously exist in the air-gap. Control tech-
niques that minimize these oscillations could provide a much smoother transition, and can
be attained by controlling air-gap flux angle as well as magnitude. In order to truly exam-
ine the localized saturation that occurs within the machine during pole changing, however,
co-simulation of magnetics and control is needed using FEA.
Lastly, the presented experimental results provide just one use of the toroidal induction
machine testbed. By having access to each and every stator coil, future work could investi-
gate the advantages of a completely flexible machine excitation. Initial work should involve
a thorough toroidal winding trade-o↵ study (in terms of coil resistance, leakage inductance,
power density, . . . ) to better understand potential applications and advantages it may have
over conventional windings. The feasibility of separately exciting all 36 stator coils of the
laboratory setup should also be examined. The ability to independently control each slot ex-
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citation would allow a wide array of research topics to be explored, and would be a valuable
resource to any research group.
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APPENDIX A
HARMONIC WINDING FACTORS
Winding factors express the ratio of flux linked by a particular winding arrangement to that
of a single-layer, non-skewed, full-pitch winding with the same number of turns and one slot
per pole per phase [73]. Harmonic winding factor expressions can be determined, where the
magnetic pole-count associated with the fundamental space harmonic of the stator winding
function is assumed to be the fundamental winding factor harmonic.
The ⌫th harmonic of the total winding factor kw,⌫ can be expressed as the product of four
factors: the pitch factor kwp,⌫ , the distribution factor kdw,⌫ , the skew factor ksw,⌫ , and the
slot-opening factor k w,⌫ :
kw,⌫ = kwp,⌫kwd,⌫kws,⌫kw ,⌫ . (A.1)
The pitch factor considers a coil’s e↵ectiveness in linking flux relative to a full-pitch coil,
and is expressed as
kwp,⌫ = sin
⇣⌫
2
↵c
⌘
, (A.2)
where ↵c is the span of the coil in electrical radians. Incorporating coil pitch ⌧c (with units
of stator slots), (A.2) becomes
kwp,⌫ = sin
✓
⇡
2
⌫⌧c pw
qs
◆
. (A.3)
The distribution factor considers the spreading of series-connected coils across multiple ad-
jacent slots, and is given by
kwd,⌫ =
sin
⇣
⌫
q 
2
⌘
q sin
⇣
⌫
 
2
⌘ , (A.4)
where   is the pitch of each stator slot in electrical radians (⇡pw/Qs). Whether skewing
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exists in the stator or rotor, the emf is reduced and is quantified using the skew factor as
kws,⌫ =
sin (⌫↵s/2)
⌫↵s/2
, (A.5)
where ↵s is the skew angle in electrical radians [47]. Since the rotor, not stator, of induction
machines is typically skewed, kws,⌫ is assumed to be 1.0 for all stator harmonics in order
to focus analysis on stator design decisions. Lastly, the slot-opening factor accounts for a
non-step-change in air-gap field over the length of a slot opening, and is expressed as
kw ,n =
sin (⌫ /2)
⌫ /2
, (A.6)
where   is the width of a stator slot opening in electrical radians.
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APPENDIX B
FEA NO-LOAD AND BLOCKED ROTOR TESTS
A steady state magnetic ac model may be used to derive approximate equivalent circuit
parameters for a PPM induction machine.
B.1 No-Load
Rotor is rotated at synchronous speed while stator windings are supplied with rated voltage
and frequency to provide rated peak air-gap flux density. Resulting no-load current is used
to calculate magnetizing inductance according to
Lm =
1
2⇡fe
s✓
Vln
Il
◆2
 R2s   Lls. (B.1)
Magnetic core loss is ignored in the derivation of input impedance, and is consistent with
both the FLUX2D implementation and the presented analytical model. The values of total
stator resistance and leakage inductance are analytically computed according to (5.2) and
(5.13). The procedure is repeated for each pole count.
B.2 Blocked-Rotor
Rotor position is fixed and the input current is analyzed as phase voltage is swept from 0.1
to 0.5 p.u at a frequency that is at maximum 25% rated [72]. The excitation that supplies
rated phase current (or current loading) is used as the locked rotor operating point. Due to
the large number of electrical inputs in PPM machines, the e↵ect of magnetizing reactance
166
cannot be ignored, and the input impedance is
Zb = Rs + jXls +
jXm (R0r + jX
0
lr)
R0r + j (Xm+X 0lr)
= Rb + jXb. (B.2)
Since it is assumed that Rs and Xls are known, and Xm is derived using the no-load test,
two equations can be used to solve for R0r and X
0
lr:
Pin = mlI
2
l Rb (B.3)
Qin = mlI
2
l Xb. (B.4)
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APPENDIX C
EXPERIMENTAL TESTBED SPECIFICATIONS
C.1 Machine Dimensions
Dimensions for the experimental machine are provided Table C.1 and Figs. C.1-C.4.
Table C.1: Test machine dimensions.
Parameter Value
g0 [mm] 0.6
Le [mm] 71
Qs 36
Q†r 28
†: Skewed by one stator slot
Figure C.1: Stator lamination dimensions [mm].
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Figure C.2: Stator slot/tooth dimensions [mm].
Figure C.3: Rotor lamination dimensions [mm].
Figure C.4: Rotor slot/tooth dimensions [mm].
169
C.2 9-Phase Inverter Design
Details corresponding to the 9-phase inverter are provided in Figs. C.5-C.11.
Figure C.5: Top-view of board layout.
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Figure C.6: DC bus schematic.
171
Figure C.7: Phase A, B, C power stage schematic.
172
Figure C.8: DC bus current sense schematic.
173
Figure C.9: Phase A sense schematic.
174
Figure C.10: Auxiliary power supply schematic.
175
Figure C.11: Protection and user disable schematic.
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